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SUMMARY 
A laser velocimeter ope ra t ing  i n  the  backsca t t e r  mode w a s  used t o  survey 
t h e  flow about a s t a l l e d  wing i n s t a l l e d  i n  t h e  Langley V/STOL tunnel.  Mean 
v e l o c i t i e s  and magnitudes of  v e l o c i t y  f l u c t u a t i o n s  w e r e  ca l cu la t ed  from measure- 
ments of two orthogonal components of ve loc i ty .  Free shear  mixing l a y e r s  above 
and below a l a r g e  separated flow region w e r e  defined. Veloci ty  power s p e c t r a  
w e r e  c a l c u l a t e d  a t  two p o i n t s  i n  t h e  flow f i e l d .  
The f low-field survey w a s  c a r r i e d  ou t  about a r ec t angu la r  aspect-rat io-8 
wing with an NACA 0012 a i r f o i l  s ec t ion .  The wing angle of a t t a c k  w a s  19.4O, 
the  Mach number w a s  0.148, and the  nominal Reynolds number w a s  1 X lo6.  
The prominent f e a t u r e s  of  t he  flow about t h e  wing are a reversed v e l o c i t y  
region;  f r e e  shear mixing l a y e r s  above, and behind the t r a i l i n g  edge, below the  
reversed v e l o c i t y  region;  and a j e t l i k e  flow from below the  a i r f o i l  lower 
surface.  
INTRODUCTION 
An extensive i n v e s t i g a t i o n  i n t o  the  process  of dynamic s t a l l  by t h e  
Aeromechanics Laboratory, AVRADCOM Research and Technology Laborator ies ,  sum- 
marized i n  reference 1, has de l inea ted  the  f e a t u r e s  of  t he  s t a l l i n g  process.  
The processes  involved i n  recovery from dynamic s t a l l ,  t y p i c a l  of t h e  r e t r e a t i n g  
blade of a he l i cop te r  r o t o r ,  a r e  considerably less w e l l  understood. Because an 
understanding of dynamic s t a l l  recovery should b e n e f i t  from a flow survey i n  
the  highly s t a l l e d  regime of even a s t a t i c  a i r f o i l ,  t he  p re sen t  experiment w a s  
designed t o  d e f i n e  t h e  separated flow f i e l d  about a f u l l y  s t a l l e d ,  r i g i d l y  
mounted a i r f o i l .  
Reference 2 summarizes a r e c e n t  s e r i e s  of experiments t h a t  measured the  
mean flow about a s t a t i c ,  balance mounted a i r f o i l  up t o  and beyond s t a l l .  The 
p r e s e n t  experiment complements a r e c e n t  i n v e s t i g a t i o n  i n  the  Langley high-speed 
7- by 10-foot tunnel  descr ibed i n  r e fe rence  3 .  The p r e s e n t  experiment d i f f e r s  
from t h e  i n v e s t i g a t i o n  of  r e fe rence  3 p r i m a r i l y  because t h a t  study w a s  per- 
formed a t  a higher (0.49) Mach number, used su r face  p re s su re  measurements, and 
had d i r e c t i o n a l  ambiguity i n  t h e  v e l o c i t y  measurements. The p r i n c i p a l  f i nd ing  
of  t h a t  t e s t  w a s  t h e  i d e n t i f i c a t i o n  of  a system of  s t rong ,  d i s c r e t e  v o r t i c e s .  
These v o r t i c e s  w e r e  generated near  t h e  a i r f o i l  crest a t  r e g u l a r  t i m e  i n t e r v a l s  
and w e r e  a cce l e ra t ed  downstream by t h e  flow over t h e  a i r f o i l  upper surface.  
The i n v e s t i g a t i o n s  a t  low ang les  of a t t a c k  descr ibed by Hoad and coauthors 
i n  r e fe rences  4 and 5 w e r e  performed immediately before  t h e  p r e s e n t  experiment. 
The apparatus  and d a t a  reduct ion w e r e  i d e n t i c a l  except f o r  t he  v e l o c i t y  s p e c t r a l  
measurements. 
I 
For the  p re sen t  tes t ,  a fr inge-type l a s e r  velocimeter  w a s  i n s t a l l e d  i n  the  
Langley V/STOL tunnel .  The l a s e r  velocimeter  measured two components of veloc- 
i t y  a t  289 p o i n t s  i n  t h e  flow f i e l d .  A t  two p o i n t s  v e l o c i t y  power s p e c t r a  were 
ca l cu la t ed .  The measurements w e r e  c a r r i e d  o u t  i n  a v e r t i c a l  p lane  through the  
wing c e n t e r  span. The wing had an NACA 0012 c r o s s  sec t ion  and w a s  set  a t  an 
angle  of a t t a c k  of 19.4O. Because 
t h e  wing was r ec t angu la r  and had an a spec t  r a t i o  of 8,  t he  flow a t  the  c e n t e r  
span w a s  t r e a t e d  as two-dimensional. 
The nominal Reynolds number w a s  1 X lo6.  
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l a g  product  f o r  autocovariance c a l c u l a t i o n  a t  l a g  t i m e  
number of v e l o c i t y  measurements i n  i t h  histogram i n t e r v a l  a s  
A t ,  m2/sec2 
f r a c t i o n  of D 
autocovariance a t  l a g  time 
wing chord, 0.3048 m 
number of v e l o c i t y  measurements i n  one ensemble 
diameter of sample volume, m 
average d a t a  r a t e  i n  ensemble, measurements/sec 
excess ,  equat ion (5) 
number of l a g  products  a t  l a g  time A t  
f r i n g e  spacing, m 
l eng th  of sample volume, m 
d i s t ance  from a i r f o i l  measured along normal t o  sur face ,  f r a c t i o n  
A t ,  m2/sec2 
of chord 
value of N f o r  which Uc i s  0 
a i r f o i l  Reynolds number, based on chord 
skew, equat ion ( 4 )  
d i s t ance  along a i r f o i l  sur face  measured from l ead ing  edge, f r a c t i o n  
of chord 
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reset time of high-speed b u r s t  counter ,  sec  
time, sec 
v e l o c i t y  component, m/sec ( see  f i g .  1) 
r e s u l t a n t  v e l o c i t y ,  Jm, m/sec 
tunnel  wind speed, m/sec 
v e l o c i t y  component p a r a l l e l  t o  chord, m / s e c  
v e l o c i t y  component p a r a l l e l  t o  a i r f o i l  su r f ace ,  m/sec 
free-stream v e l o c i t y  (cor rec ted  f o r  tunnel  flow a n g u l a r i t y ) ,  m/sec 
v e l o c i t y  component, m/sec ( see  f i g .  1) 
v e l o c i t y  of f r i n g e s  due t o  Bragg c e l l ,  m/sec 
coordinate  axes  r e l a t i v e  t o  wing chord, m (see f i g .  I) 
coordinate  axes  r e l a t i v e  t o  f r e e  stream, m ( see  f i g .  1) 
d i s t ance  downstream from wing leading  edge along chord, m 
d i s t ance  along Xf-axis, m 
d i s t ance  above wing su r face  (measured perpendicular  t o  wing chord) ,  m 
d i s t ance  along Yf-axis, m 
angle  between N and v e r t i c a l ,  deg 
wing angle  of a t t a c k ,  deg 
i n t e r a r r i v a l  time between two consecut ive v e l o c i t y  measurements, sec  
width of i t h  histogram i n t e r v a l ,  m/sec 
minimum l a g  time, sec 
s t a t i s t i c a l  unce r t a in ty  i n  v e l o c i t y  component UL, m/sec 
s t a t i s t i c a l  unce r t a in ty  i n  v e l o c i t y  component VL, m/sec 
unce r t a in ty  i n  c a l c u l a t i o n  of standard dev ia t ion ,  m / s e c  
3 
e r r o r  , percen t  
s i m i l a r i t y  v a r i a b l e  f o r  N,  
angle  between c ross ing  l a s e r  beams, deg 
N - No 
S 
laser r a d i a t i o n  wavelength, nm 
standard devia t ion ,  m/sec 
r e s u l t a n t  of the two indiv idua l  components of standard devia t ion ,  











experimental time-averaged d a t a  
d a t a  co r rec t ed  f o r  Bragg b i a s  and v e l o c i t y  b i a s  
ensemble averaged d a t a  
d i r e c t i o n s  p a r a l l e l  and normal t o  f r e e  stream (see f i g .  1) 
i t h  measurement i n  ensemble 
d i r e c t i o n s  of l a s e r  measurement ( see  f i g .  1) 
l t h  measurement i n  ensemble 
r e s u l t a n t  
d a t a  i n  d i r e c t i o n  of UL component 
da ta  i n  d i r e c t i o n  of VL component 
A bar over a symbol denotes a t h e o r e t i c a l  time average. 
APPARATUS 
The l a s e r  velocimeter i s  descr ibed i n  reference 4 .  For completeness and t o  
provide a d d i t i o n a l  background f o r  the v e l o c i t y  s p e c t r a l  measurements, a b r i e f  
desc r ip t ion  i s  presented here.  
Laser Velocimeter Optical  System 
A fringe-type l a s e r  velocimeter o p t i c s  system ope ra t ing  i n  the  backsca t t e r  
mode w a s  used €or these  t e s t s ,  which eased the  maintenance of o p t i c a l  alignment 
by using common components f o r  both t r ansmi t t i ng  and c o l l e c t i n g  op t i c s .  The 
4 
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backscat ter  mode allowed t h e  use of  s impl i f i ed  scanning mechanisms. The char- 
’ a c t e r i s t i c s  of t h e  o p t i c a l  system are l i s t e d  i n  t a b l e  I. 
Two components of  v e l o c i t y  w e r e  measured. Unlike t h e  method of r e f e r -  
ence 3 ,  where p o l a r i z a t i o n  separat ion w a s  used t o  make simultaneous measure- 
ments of  both components, t h e  p re sen t  t e s t  measured t h e  two components consec- 
u t i v e l y  due t o  c r o s s t a l k .  The t w o  measurement d i r e c t i o n s  w e r e  45O above and 
below t h e  ho r i zon ta l  as shown i n  f i g u r e  1. Each component w a s  measured sepa- 
r a t e l y  by s p l i t t i n g  t h e  laser  output  beam i n t o  t h r e e  laser beams, one dedicated 
t o  each component and a t h i r d ,  shared. The two beams t h a t  measure a v e l o c i t y  
component w e r e  a l igned i n  t h e  plane of  t h a t  component d i r e c t i o n  and focused by 
a l e n s  t o  t h e  p o i n t ,  so t h a t  a f r i n g e  p a t t e r n  w a s  formed ( f i g .  2 ) .  A s  a 
micrometer-sized p a r t i c l e  passed through t h e  f r i n g e  p a t t e r n ,  l i g h t  w a s  s c a t t e r e d  
with varying i n t e n s i t y .  The c o l l e c t i n g  o p t i c s  i n t e rcep ted  p a r t  of t h i s  scat- 
t e r e d  l i g h t  and s e n t  it t o  a photomult ipl ier  tube. The frequency of o s c i l l a t i o n  
of the  e l e c t r i c a l  s igna l  output  o f  t he  photomult ipl ier  tube w a s  p ropor t iona l  t o  
the  p a r t i c l e  v e l o c i t y  divided by the f r i n g e  spacing 
w a s  determined by measuring the angle between the two crossing beams 8 and by 
applying the  formula 
Lf r .  The f r i n g e  spacing 
where A i s  the  wavelength of  the l a s e r  l i g h t .  
The f r i n g e s  w e r e  caused t o  move a t  a speed of 1 3 2  m/sec by a 5-MHz Bragg 
c e l l  placed i n  the  t h i r d ,  shared laser beam. The Bragg c e l l  e l imina te s  the  
d i r e c t i o n a l  ambiguity of t he  experiment of reference 3. 
The argon-ion continuous wave laser and the  l a s e r  velocimeter o p t i c a l  sys- 
t e m  w e r e  l oca t ed  i n  t h e  tunnel t e s t  chamber immediately ou t s ide  the t es t  sec t ion  
w a l l .  The l a s e r  w a s  operated with an output  power of 4.0 wat ts  using the  
514.5-nm wavelength. The l a s e r  velocimeter had a foca l  l eng th  of 3.8649 m 
( s u f f i c i e n t  t o  reach the  cen te r  span loca t ion  on the wing) and a c o l l e c t i n g  
s o l i d  angle of  0.00108 sr. The sample volume w a s  2 . 2 9  cm long with a diameter 
of 0.314 nun y i e ld ing  1 2  s t a t i o n a r y  f r i n g e s  with a f r i n g e  spacing of  26.5 um.  
The o p t i c a l  s y s t e m  w a s  mounted on a movable t a b l e  t o  allow movement of the 
sample volume i n  the ho r i zon ta l  and v e r t i c a l  d i r e c t i o n s  under computer con t ro l .  
The sample volume l o c a t i o n  could be measured t o  within 1 nun. The o v e r a l l  
assembly, including t h e  t r a v e r s i n g  system, laser,  and o p t i c a l  system,. i s  shown 
i n  f i g u r e  3 .  
Laser Velocimeter E lec t ron ic s  System 
The e l e c t r o n i c s  system i s  discussed i n  g r e a t e r  d e t a i l  i n  reference 4. A 
prel iminary discussion of some of t he  e f f e c t s  of t he  e l e c t r o n i c  system on the  
v e l o c i t y  measurements  i s  contained i n  r e fe rence  6. 
5 
The i n t e r f a c e  between the  o p t i c s  system and e l e c t r o n i c s  system w a s  an 5-20 
photomul t ip l ie r  tube and s igna l  condi t ioning e l e c t r o n i c s .  The l a s e r  velocimeter  
d a t a  a c q a i s i t i o n  system, shown as a block diagram i n  f i g u r e  4,  measures the  
frequency contained i n  each s igna l  b u r s t  from the  o p t i c s  system, converts  t he  
frequency t o  ve loc i ty ,  develops v e l o c i t y  histograms, computes the  mean v e l o c i t y  
and s tandard dev ia t ion  of t h e  v e l o c i t y  f l u c t u a t i o n s ,  and s t o r e s  the  r a w  v e l o c i t y  
d a t a  and tunnel  parameters on magnetic tape f o r  la ter ,  more complete d a t a  
reduct ion.  
High-speed b u r s t  counter.-  A b u r s t  i s  the  t r a n s i e n t  ou tput  of t he  photo- 
m u l t i p l i e r  t h a t  i s  caused by the  passage of one p a r t i c l e  through the  sample 
volume. The high-speed b u r s t  counter  i s  a device designed t o  measure the  
per iod of a high-frequency s igna l  (1 kHz t o  100 MHz) contained i n  a b u r s t  o f  
t he  type received from a l a s e r  velocimeter.  An i dea l i zed  b u r s t  received from 
the  l a s e r  velocimeter i s  i l l u s t r a t e d  i n  f i g u r e  5 ( a ) .  The pedes t a l  (dc b i a s )  i s  
removed by high-pass f i l t e r s  so t h a t  the  b u r s t  i s  symmetric about 0 v o l t s  
( f i g .  5 ( b ) )  . A double threshold  comparator i s  used t o  convert  t he  b u r s t  i n t o  
a d i g i t a l  pu l se  t r a i n  ( f i g .  5 ( c )  ) . In  order  €or the  comparator t o  work, t he  
s igna l  must c r o s s  the  p o s i t i v e  threshold  before  c ross ing  0 v o l t s  with a nega- 
t i v e  s lope ,  and the  s igna l  must c ros s  the  negat ive threshold  before  c ros s ing  
0 v o l t s  with a p o s i t i v e  s lope.  N o  o the r  combination w i l l  opera te  the  compara- 
t o r .  The f i r s t  pu lse  i n  the  d i g i t a l  pu lse  t r a i n  i s  used t o  c l e a r  t he  counter  
c i r c u i t s ,  t he  second i s  used t o  arm the  counters , .  and the  t h i r d  t r i g g e r s  t he  
counters  t o  begin counting pu l ses  from the  500-MHz re ference  clock. When the  
10 th  d i g i t a l  pu lse  occurs ,  t he  counters  a r e  ha l ted .  Thus, t he  counter  now con- 
t a i n s  the  measurement of t he  per iod  average of e i g h t  s igna l  cyc les  based on a 
re ference  clock of 500 MHz, y i e ld ing  a per iod  average measurement with a reso- 
l u t i o n  of 2 nsec. 
Data ga ther ing  system.- The da ta  from the  high-speed b u r s t  counter i s  
input  t o  the  l a s e r  velocimeter au tocor re l a t ion  bu f fe r  i n t e r f a c e  (descr ibed i n  
appendix A of  r e f .  4 )  which s t o r e s  the  v e l o c i t y  da t a  and measures the  time 
between the  a r r i v a l  of each datum and the  immediately preceding datum (i .e. ,  
i n t e r a r r i v a l  t i m e )  t o  a r e so lu t ion  of 0.1 usec. The i n t e r a r r i v a l  time i s  
recorded only i f  it i s  l e s s  than 0.655 sec. When e i t h e r  4096 da ta  p o i n t s  a r e  
gathered o r  1.0 min of measurement time e l apses ,  t he  da t a  ga ther ing  process  
h a l t s  and the  da t a  are sen t  t o  the  computer. The raw da ta  a r e  converted t o  
v e l o c i t y  va lues  i n  the  computer and s to red ,  toge ther  with the  i n t e r a r r i v a l  
times, on magnetic tape.  The s t a t i s t i c a l  q u a n t i t i e s  (e.g. ,  mean, s tandard 
devia t ion ,  and skew) a r e  computed on-line and a r e  output  on a l i n e  p r i n t e r  
toge ther  with the  sample volume loca t ion ,  tunnel  parameters,  and time of day. 
The histogram of the  d a t a  record i s  determined and output  on-line on a cathode 
r ay  tube. The t o t a l  time requi red  €or measurement, da t a  t r a n s f e r ,  s to rage ,  
computation, and output  i s  l e s s  than 2 min. 
Wing and Wind Tunnel 
The model wing w a s  i n s t a l l e d  ho r i zon ta l ly  i n  the  Langley V/STOL tunnel .  
The t e s t  s ec t ion  was closed and had a c ros s  sec t ion  of about 4.4 m by 6.6 m. 
The c lear - tunnel  f ree-s t ream measurements of re ference  4 e s t ab l i shed  a v e r t i c a l  
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low a n g u l a r i t y  of  0.6O. 
ree-stream coordinate  axes Xf and Yf  r a t h e r  than t o  t h e  h o r i z o n t a l  and 
rertical. 
The v e l o c i t y  measurements have been referenced t o  t h e  
The model wing w a s  aerodynamically s i m i l a r  t o  t he  model i n  r e fe rence  3 and 
s shown i n  f i g u r e  6. The model w a s  an untwisted,  unswept, untapered wing with 
n a spec t  ra t io  o f  8 and a 0.3048-m chord. Two mounts, each a t  50 pe rcen t  
;emispan, w e r e  used t o  s t i f f e n  t h e  model and t o  minimize dynamic response. A l l  
.he measurements w e r e  made i n  t h e  p l ane  of wing c e n t e r  span so t h a t  t he  span- 
Jise v e l o c i t y  w a s  assumed n e g l i g i b l e .  The a i r f o i l  c r o s s  s e c t i o n  w a s  an 
JACA 0012 and no t r a n s i t i o n  s t r ip  w a s  used. The r e l a t i o n s h i p  between t h e  air- 
- o i l  s ec t ion ,  free-stream d i r e c t i o n ,  and t h e  t w o  laser velocimeter measurement 
i i r e c t i o n s  i s  shown i n  f i g u r e  1. 
For d a t a  measurements near  t h e  wing l ead ing  edge, t h e  laser beams w e r e  
mgled a few degrees downstream. 
:dge, t h e  o p t i c s  system w a s  angled upstream. Due t o  t h e  l i m i t a t i o n s  on t h e  
Tertical t r a v e r s e  of t h e  laser velocimeter o p t i c s  system, it w a s  necessary t o  
-aise t h e  wing on shim blocks f o r  one series of  measurements. The o r i g i n a l  
ingle of  a t t a c k  w a s  19.40° and, a f t e r  t h e  wing w a s  r a i s e d ,  i t  w a s  reset t o  
ingle-of-attack measurement w a s  es t imated t o  be tO.03O. Thus, the maximum 
:hange i n  angle  o f  a t t a c k  caused by r a i s i n g  t h e  wing w a s  0.09O. 
For t h e  measurements near  t h e  t r a i l i n g  
9.43O. The nominal angle  of  a t t a c k  i s  taken as 19.4O. The accuracy of t h e  
The nominal tunnel  cond i t ions  w e r e  a tunnel  v e l o c i t y  of 51 m / s e c ,  a Mach 
lumber of  0.148, and a Reynolds number of  1 x l o 6 .  
.unnel v e l o c i t y  va r i ed  from 50.6 t o  51.9 m/sec, and Reynolds number va r i ed  from 
1-97 X 106 t o  1.04 x 106. To o b t a i n  more accu ra t e  nondimensionalization, t h e  
--unnel cond i t ions  were recorded f o r  each run. 
Throughout t he  t e s t  the  
The tunnel  flow w a s  seeded by a smoke generator  l oca t ed  i n  t h e  tunnel  
; e t t l i n g  chamber upstream of t h e  screens.  The smoke generator  vaporized kero- 
Gene which condensed i n  the  tunnel  a i r f l o w  t o  form a smoke plume of  kerosene 
;eed p a r t i c l e s .  
A l i m i t e d  number of video tape recordings of  t he  smoke flow about t he  
d n g  c e n t e r  span w e r e  made a t  a reduced tunnel  speed of  about 15 m / s e c .  Motion 
i i c t u r e s  w e r e  used t o  produce consecut ive photographs f o r  flow v i s u a l i z a t i o n .  
DATA A C Q U I S I T I O N  AND REDUCTION 
S t a t i s t i c a l  Q u a n t i t i e s  
The d a t a  r educ t ion  performed on-l ine cons i s t ed  of  c a l c u l a t i o n  of  t h e  
J e l o c i t y  mean, s tandard dev ia t ion ,  skew, excess,  s ta t i s t ica l  unce r t a in ty  i n  the  
iiean, and s t a t i s t i c a l  u n c e r t a i n t y  i n  t h e  standard deviat ion.  Also, t o  a i d  i n  
ihe i n t e r p r e t a t i o n  of t h e  d a t a ,  v e l o c i t y  histograms (a d i s c r e t e  approximation 
I f  t h e  v e l o c i t y  p r o b a b i l i t y  d e n s i t y  func t ion )  w e r e  computed and p l o t t e d  on-line 
:In a g raph ic s  cathode r a y  tube. 
7 
I -  
The mean of each velocity data ensemble Ue approximates the theoretical 
time-averaged velocity under the following assumptions: 
1. The period of all the Fourier components of the velocity fluctuations 
is much less than the time of measurement (i.e., the velocity sample is repre- 
sentative of a stationary condition in time at the measurement location). 
2 .  The laser velocimeter is equally likely to measure all velocity 
magnitudes. 
3. The number of velocity measurements D is large to minimize the sta- 
tistical uncertainties. 
Under the same assumptions, the standard deviation O approximates the 
root-mean-square value of the deviation from the average velocity. That is 
T 
o2 s lim $L [U(t) - E l 2  dt 
T-toJ 
The formulas for the calculation of the ensemble mean and the square of tht 
standard deviation (variance) are 
C ui ue = -D 
and 
Except for bimodal histograms, the first f o u r  moments of the ensemble give 
a quantitative measure of histogram shape. 
computed for skew SR and excess E by applying the following formulas: 
The higher ensemble moments were 
4 
E =  - 3  
DO4 
( 5 )  
The statistical uncertainties in UL and oU for a 95-percent confidence 
limit due to the third approximation (finite number of measurements in the 
ensemble) were calculated (ref. 7) as 
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and 
where E i s  t h e  s t a t i s t i ca l  excess  computed from t h e  d a t a  ensemble. The calcu- 
l a t i o n s  of 6VL and 60, w e r e  performed i n  a s i m i l a r  fashion.  
The e r r o r  caused by t h e  second assumption w a s  evaluated by recomputing t h e  
v e l o c i t y  mean compensated f o r  v e l o c i t y  weighting. Reference 8 shows t h a t  i f  
t h e  seed par t ic les  are uniformly d i s t r i b u t e d  i n  t h e  flow, higher  ve loc i ty  flow 
passes more gas  per u n i t  time (and thus  more p a r t i c l e s )  through t h e  sample vol- 
ume than lower v e l o c i t y  flow. Conversely, use of  a Bragg c e l l  weights t h e  
ensemble toward the  lower v e l o c i t i e s  s ince  a low-velocity p a r t i c l e  remains i n  
t h e  sample volume f o r  more time (e.g. ,  a s t a t i o n a r y  p a r t i c l e  y i e l d s  an i n f i n i t e  
number of measurements). Using the  equat ion f o r  Ai der ived i n  the  appendix, 
t he  ensemble mean w a s  compensated f o r  both one-component ve loc i ty  b i a s  and 
Bragg b i a s  by c a l c u l a t i n g  t h e  mean v e l o c i t y  as 
where 
10Lfr + TRVfr + T R U i  
The b i a s  problem can be avoided by approximating t h e  d e f i n i t i o n  of t he  - 
time-averaged mean U by a t r apezo ida l  quadrature .  The d e f i n i t i o n  of  i s  
T - 
U = l i m  LL T 
T- 
U ( t )  d t  
and t h e  approximation i s  
9 
where A t i  i s  t h e  i n t e r a r r i v a l  t i m e  between measurements i and i + 1. The 
e r r o r  f o r  t h e  quadrature  approximation f o r  randomly sampled d a t a  has n o t  been 
formulated. 
Although t h e  skew and excess are n o t  as r e a d i l y  i n t e r p r e t e d  i n  t e r m s  of  
t h e  t i m e  v a r i a t i o n  of v e l o c i t y  as t h e  mean o r  s tandard dev ia t ion ,  they have beer 
c a l c u l a t e d  f o r  s e v e r a l  flows. For example, i n  reference 9 l a r g e  p o s i t i v e  value: 
of  skew w e r e  found on t h e  high-speed s i d e  o f  a f r e e  shear  mixing l a y e r  and largc 
negat ive va lues  w e r e  found on the  low-speed s i d e .  The skew and maximums i n  
excess  w e r e  a t t r i b u t e d  t o  in t e rmi t t ency  a t  t h e  edge of t h e  mixing l aye r .  
These s t a t i s t i c a l  q u a n t i t i e s  can be i n t e r p r e t e d  v i s u a l l y  by viewing t h e  
p r o b a b i l i t y  d e n s i t y  funct ion of t he  v e l o c i t y  f i e l d  a t  t h e  measurement loca t ion .  
The p r o b a b i l i t y  d e n s i t y  funct ion w a s  approximated by p l ac ing  the  v e l o c i t y  m e a -  
surements i n  histogram form. That is ,  the  measurements of  each v e l o c i t y  compo- 
nent  w e r e  so r t ed  i n t o  v e l o c i t y  b i n s  of  width The o r d i n a t e  of  t h e  h i s t o -  
gram C i  i s  t h e  percentage of measurements w i th in  the  ensemble which l i e  
between U i  - (Aui/2) and U i  + ( A U i / 2 ) .  
A U i .  
Instrument P rec i s ion  
The o v e r a l l  p r e c i s i o n  of t he  measurement of  a s i n g l e  seed p a r t i c l e  veloci t :  
i s  obtained by determining t h e  accu rac i e s  of a l l  v a r i a b l e s  i n  t h e  system which 
a f f e c t  t he  accuracy of  each v e l o c i t y  measurement. Reference 3 g ives  these  e r r o i  
sources as t h e  cross-beam angle .measurement, diverging f r i n g e s ,  t i m e  j i t t e r ,  
clock synchronization, and quant iz ing e r r o r .  The cross-beam angle measurement 
error i s  an unknown bias  e r r o r  based on the  unce r t a in ty  i n  l o c a t i n g  the  c e n t e r  
of each laser  beam when t h e  cross-beam angle i s  determined. This e r r o r  i s  e s t i -  
mated t o  y i e l d  a '1.12-percent unce r t a in ty  i n  the  measured ve loc i ty .  The 
diverging f r i n g e s ,  r e s u l t i n g  from the d i f f e r e n c e  i n  l o c a t i o n  of  t h e  focus p o i n t  
of each l a s e r  beam and t h e  crossover p o i n t ,  y i e l d  both a b i a s  e r r o r  ( -0 .50 per- 
c e n t )  and a random e r r o r  ( 2 0 .  37 pe rcen t )  . 
In  t h e  p r e s e n t  system a double th re sho ld  technique with zero c ros s ing  
d e t e c t i o n  i s  used which e l imina te s  the  t i m e  j i t t e r  e r r o r .  The clock synchro- 
n i z a t i o n  e r r o r  ( t i m e  d i f f e r e n c e  between the  s t a r t  pu l se  of t he  high-speed b u r s t  
counter and t h e  f i r s t  reference clock p u l s e  t h a t  i s  counted) y i e l d s  a b i a s  
e r r o r  (0.29 pe rcen t )  and a random e r r o r  (20.29 p e r c e n t ) .  The quan t i z ing  e r r o r  
i s  nonexis tent  i n  t h e  p re sen t  t e s t  s ince  t h e  10-bi t  d i g i t a l .  output  from the  
high-speed b u r s t  counter is  n o t  t runcated.  These e r r o r s  y i e l d  a t o t a l  i n s t r u -  
ment p r e c i s i o n  of -1.33 pe rcen t  t o  0.91 pe rcen t  b i a s  and 20.47 pe rcen t  random 
unce r t a in ty .  
In  l a r g e  v e l o c i t y  g rad ien t s ,  measured v e l o c i t y  e r r o r s  may occur i f  t he  
measurement p o i n t  i s  no t  a t  t he  d e s i r e d  loca t ion .  The two-component mechanical 
t r a v e r s i n g  system had a placement unce r t a in ty  of fl mm which yielded a worst  
case (based on t h e  measured v e l o c i t y  flow f i e l d )  unce r t a in ty  of 22 percent .  
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Tunnel Seeding 
The tunnel  w a s  seeded by a kerosene vapor izer  mounted upstream i n  the  
s e t t l i n g  chamber. The measured p a r t i c l e  s i z e  obtained using t h e  technique 
descr ibed i n  re ference  3 i s  shown i n  f i g u r e  7 ( a ) .  A computer s imulat ion by 
Meyers ( r e f .  10) of t he  l a s e r  velocimeter and the  s c a t t e r i n g  i n t e n s i t y  from t h e  
kerosene p a r t i c l e s  gave t h e  p r o b a b i l i t y  of a successfu l  measurement of v e l o c i t y  
i f  a s i n g l e  kerosene p a r t i c l e  passes  through the  sample volume. Figure 7 ( b )  
p r e s e n t s  t h i s  p robab i l i t y .  The product  of t h e  p r o b a b i l i t y  of occurrence of a 
p a r t i c u l a r  p a r t i c l e  s i z e  ( f i g .  7 ( a ) )  t i m e s  t he  p r o b a b i l i t y  of a measurement f o r  
t h a t  p a r t i c l e  s i z e  ( f i g .  7 ( b ) )  i s  the  f r a c t i o n  of  measurements caused by t h a t  
p a r t i c l e  s i z e  ( f i g .  7 ( c ) ) .  M o s t  of  t h e  measurements were made from p a r t i c l e s  
about 3.5 pm i n  diameter ,  a l though a s i g n i f i c a n t  number were made from par-  
t i c l e s  about 1.9 p m  i n  diameter.  The p a r t i c l e  drag  equat ions of  Walsh ( r e f .  11) 
were used t o  p l o t  t he  t r ack ing  e r r o r s  shown i n  f i g u r e  8. The dynamic response 
of t h e  1.9-pm p a r t i c l e s  i s  accura te  up t o  1000 Hz b u t  t he  3.5-pm p a r t i c l e s  have 
acceptab le  p a r t i c l e  t r ack ing  e r r o r s  up t o  only about 300 Hz. Since the  f r e -  
quency range of i n t e r e s t ,  based on the  p re s su re  frequency spec t r a  of r e f e r -  
ence 3, should l i e  below 300 Hz, t he  p a r t i c l e  t r ack ing  e r r o r s  a r e  acceptable .  
Veloci ty  Frequency Spectra  
Technique.- The c a l c u l a t i o n  of v e l o c i t y  power spec t r a  from l a s e r  velocim- 
e t e r  measurements i s  i n  a pre l iminary  s t age  of development, and no e r r o r  analy- 
sis  of t he  spec t r a  i s  a v a i l a b l e .  The r e s u l t s  should be viewed a s  q u a l i t a t i v e .  
During the  p re sen t  t e s t ,  two l o c a t i o n s  were chosen f o r  pre l iminary  s p e c t r a  
measurements t o  t r y  t o  f i n d  t h e  proposed d i s c r e t e  shed v o r t i c e s  found i n  
re ference  3 .  
The c a l c u l a t i o n  of t he  v e l o c i t y  power spec t r a  fol lows the  technique devel-  
oped by Mayo ( r e f .  1 2 ) .  The technique i s  based on the  Four ie r  transform of t h e  
autocovariance func t ion  developed from the  measurement ensemble. The auto- 





2 D  + 1 
D” n=-D 
c ( m A T )  = l i m  
where Vn i s  the  n th  value i n  an ensemble of D va lues ,  t he  * denotes  the  
complex conjugate ,  and AT i s  t h e  uniform l a g  t i m e .  However, t he  measurement 
of v e l o c i t y  using a l a s e r  velocimeter  i s  a Poisson d i s t r i b u t e d  random sample i n  
t i m e  of v e l o c i t y  and not  a uniform sample. The problem of randomly sampled 
d a t a  i s  handled by measuring t h e  time between v e l o c i t y  measurements and by using 
, t hese  t imes t o  determine t h e  de lay  func t ion .  F i r s t ,  s ince  t h e  autocovariance 
func t ion  i s  d e s i r e d ,  t h e  ensemble mean i s  c a l c u l a t e d  and subt rac ted  from each 
v e l o c i t y  measurement. Then two a r r a y s  are e s t ab l i shed :  t h e  f i r s t  i s  A u ( m )  
t o  sum the  pa i red  products  V ( t i )  v ( t i + m A T )  ( t h e  complex conjugate no ta t ion  
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is  dropped s i n c e  t h e  v e l o c i t y  measurements are r ea l )  and t h e  second i s  
t o  sum t h e  number o f  occurrences of t h e  t i m e  delay mA-c, where AT i s  t h e  mini- 
mum t i m e  delay se l ec t ed .  For example, i f  t h e  t i m e  between two measurements i s  
ti - t1, then t h e  de l ay  increment i s  def ined by 
H u ( m )  
ti - tl 
m =  + 0.5 
AT 
where m is t h e  i n t e g e r  obtained by t runca t ion  o f  t h e  f r a c t i o n .  I f  m is 
within the  range of t h e  d e s i r e d  autocovariance func t ion ,  511 i n  the  p r e s e n t  
t es t ,  t h e  a r r a y  l o c a t i o n  H u ( m )  i s  incremented by 1 and t h e  a r r a y  l o c a t i o n  
Au(m)  i s  incremented by the  v e l o c i t y  product V i V l .  
When t h e  measurement ensemble i s  processed i n  t h i s  manner, t h e  autocovari-  
ance funct ion i s  found by using the  equat ion 
f o r  m = 0 ,  1, . . ., 511. This  expression has been shown t o  be an unbiased 
estimate of t h e  autocovariance func t ion  ( r e f .  1 2 )  if t h e  t r u e  mean v e l o c i t y  has 
been subtracted from the  data .  
The r e s u l t i n g  autocovariance funct ion i s  folded so as  t o  form an even func- 
t i o n ,  and i s  m u l t i p l i e d  by a B a r t l e t t  ( i . e . ,  t r i a n g u l a r )  window funct ion.  A 
f a s t  Fourier  transform y i e l d s  t h e  v e l o c i t y  power spec t r a  measurement. 
Measurements.- The d a t a  from the  l a s e r  velocimeter high-speed b u r s t  
counters  w e r e  gathered by a d i g i t a l  b u f f e r  i n t e r f a c e  descr ibed i n  d e t a i l  by 
Clemmons i n  appendix A of reference 4 .  This i n t e r f a c e  a l s o  measured the t i m e  
between measurements with a t r i p l e - r ange  clock which automatical ly  s h i f t e d  
c locks  t o  y i e l d  a t o t a l  measurement time range from 1.0 Usec t o  0.655 sec,  
with r e s o l u t i o n s  of  0 . 1  psec,  1.0 usec, and 10.0 usec depending on t h e  clock 
se l ec t ed .  When 4000 v e l o c i t y  measurements w e r e  gathered,  about 10  sec f o r  t he  
spec t r a  tests,  t h e  d a t a  w e r e  t r a n s f e r r e d  t o  t h e  minicomputer f o r  processing 
and s torage.  
PRESENTATION OF RESULTS 
The flow f i e l d  i s  a r b i t r a r i l y  divided i n t o  regions f o r  purposes of  the 
d i scuss ion  of r e s u l t s .  There i s  no c l e a r  boundary between the r eg ions  and the  
d i v i s i o n  i s  only f o r  convenience of  d e t a i l e d  d i scuss ion .  The leading-edge 
region i s  upstream of t h e  nose of t h e  a i r f o i l .  The c r e s t  region i s  above the  
a i r f o i l  from t h e  l ead ing  edge t o  about t h e  q u a r t e r  chord. The mixing l a y e r  
region i s  above t h e  a i r f o i l  and downstream of t h e  q u a r t e r  chord. I t  inc ludes  
a reversed v e l o c i t y  region,  a f r e e  shear mixing l a y e r ,  and an o u t e r  flow above 
1 2  
both. The t r a i l i ng -edge  region includes t h e  i n t e r a c t i o n  between t h e  flow from 
t h e  upper and lower surfaces .  
A l l  289 runs (ensembles of measurements of  both v e l o c i t y  components a t  one 
l o c a t i o n )  are organized i n t o  scans a s  shown i n  f i g u r e  9. The scan l i n e s  (except 
scan 19) w e r e  designed t o  be e i t h e r  perpendicular  t o  the  wing surface o r  per- 
pendicular  t o  t h e  extended chord l i n e  before  o r  behind the  wing. The runs i n  
each scan, tunnel  cond i t ions ,  and t h e  l o c a t i o n  of  each scan l i n e  are shown i n  
table 11. The va lues  shown are averages taken over  t h e  runs i n  each scan. 
The discussion of t h e  r e s u l t s  of  t h i s  i n v e s t i g a t i o n  i s  presented i n  the  
following o rde r :  
Flow-field overview ( f i g s .  10 t o  14) 
Flow v i s u a l i z a t i o n  ( f i g s .  15 t o  18) 
Basic da t a :  
Histograms ( f i g s .  1 9  t o  25) 
S t a t i s t i c a l  moments ( f i g s .  26 t o  4 4 )  
Velocity frequency s p e c t r a  ( f i g s .  45 t o  48) 
Leading-edge region ( f i g s .  19 and 2 0 )  
Cres t  region ( f i g s .  20, 2 1 ,  and 49) 
Mixing l a y e r  region ( f i g s .  50 t o  59) 
Trailing-edge region ( f i g s .  60 t o  64) 
Wake formation 
D I S C U S S I O N  O F  RESULTS 
Flow-Field Overview 
P l o t s  of t he  e n t i r e  flow f i e l d  are presented i n  f i g u r e s  10  t o  14 .  Fig- 
ure 1 0  i s  an arrow p l o t  of  t h e  mean v e l o c i t y  f i e l d .  The t a i l  of each arrow i s  
a measurement p o i n t .  The l eng th  and d i r e c t i o n  o f  each arrow de f ines  t h e  magni- 
tude and d i r e c t i o n  of  t h e  r e s u l t a n t  mean v e l o c i t y  vec to r .  The most prominent 
f e a t u r e  of t h e  flow i s  t h e  l a r g e  region of reversed flow. Since measurements 
are no t  a v a i l a b l e  c l o s e  enough t o  t h e  a i r f o i l  upper su r face  and s i n c e  t r a n s i -  
t i o n  i s  f r e e ,  it i s  n o t  p o s s i b l e  t o  p inpo in t  t h e  o r i g i n  of  t h e  separated region. 
The o r i g i n  appears t o  l i e  between scans 4 and 6.  The upper boundary of t h e  
separated region i s  a region of high v e l o c i t y  g rad ien t s .  The lower boundary 
behind t h e  a i r f o i l  i s  a region of  even l a r g e r  v e l o c i t y  g r a d i e n t s  caused by high- 
v e l o c i t y  flow coming from t h e  lower su r face  of t h e  a i r f o i l .  
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Other a spec t s  of  t he  flow f i e l d  are presented  i n  f i g u r e s  11 to  14. These 
f i g u r e s  were cons t ruc ted  by using a s p l i n e  f i t  t o  each scan, s p l i n e  f i t s  between 
scans, and l i n e a r  i n t e r p o l a t i o n  between p o i n t s  on a f i n e  g r id .  The contour o f  
zero r e s u l t a n t  mean v e l o c i t y  i n  f i g u r e  11 o u t l i n e s  the  reversed  v e l o c i t y  region.  
The negat ive  va lues  denote flow toward the  a i r f o i l  l ead ing  edge. 
The angle  of t h e  r e s u l t a n t  mean v e l o c i t y  wi th  r e s p e c t  t o  the  f r e e  s t ream 
i s  shown i n  f i g u r e  1 2 .  Large v a r i a t i o n s  i n  angle  appear i n  the  reversed flow 
region.  The flow angle  of t he  o u t e r  flow (ou t s ide  the  reversed flow region and 
a r e a s  of high shear )  v a r i e s  smoothly from p o s i t i v e  angles  around the  l ead ing  
edge and a i r f o i l  c r e s t  t o  nega t ive  angles  over  t he  a f t  p a r t  of t he  a i r f o i l .  
This  ou te r  flow i s  more e a s i l y  v i sua l i zed  by the  mean flow s t reaml ines  i n  
f i g u r e  13. 
Figure 14  shows contours  of r e s u l t a n t  s tandard dev ia t ion  about t he  mean 
oR which i s  given by OR2 = Uu 2 + Uv 2 . The value of OR2 approximates 
- -  
u2 + V2 where U and V a r e  two perpendicular  components of t he  unsteady 
v e l o c i t y  v a r i a t i o n  wi th  time and t h e  ba r  denotes  a time average. Thus, oR can 
be i n t e r p r e t e d  as a two-dimensional t u rbu len t  i n t e n s i t y .  The l a r g e s t  va lues  
occur i n  the  t u r b u l e n t  reg ions  of  high v e l o c i t y  g rad ien t s .  Rela t ive  maximum 
values  of r e s u l t a n t  s tandard dev ia t ion  occur above the  reversed flow region.  
I n  the  reversed flow region,  t he  unsteady p a r t  of t h e  v e l o c i t y  i s  comparable 
i n  magnitude t o  t h e  mean ve loc i ty .  
Flow Visua l iza t ion  
A more ex tens ive  view of t he  flow p a t t e r n  was provided by the  vapor screen  
flow v i s u a l i z a t i o n  se tup  shown i n  f i g u r e  15. A v e r t i c a l  shee t  of l a s e r  l i g h t  
i l lumina ted  the  plane of t he  wing c e n t e r  span. The smoke w a s  photographed by a 
tunnel  s idewal l  t e l e v i s i o n  camera placed s l i g h t l y  behind and above the  wing 
t r a i l i n g  edge. Figure 16 shows t h a t  t he  camera placement caused the  wing t i p  
t o  hide the  wing leading  edge, bu t  t he  wing upper sur face  i s  c l e a r l y  shown ( t h e  
b r i g h t  l i n e  i s  the  r e f l e c t i o n  of the  l i g h t  s h e e t ) .  To increase  the  smoke den- 
s i t y ,  tunnel  speed w a s  reduced t o  about 15 m/sec. The e n t i r e  wake region f luc -  
t ua t ed  r ap id ly ,  bu t  observers  es t imated the  average wake c losure  p o i n t  t o  be 
about one chord l eng th  behind the  t r a i l i n g  edge and near  t he  he ight  of t he  
lead ing  edge. 
The l a r g e  changes i n  the  smoke p a t t e r n  a r e  demonstrated by f i g u r e s  1 7 ( a ) ,  
( b ) ,  and ( c ) .  Consecutive photographs of t he  t e l e v i s i o n  p i c t u r e  ( a t  a nominal 
frame t i m e  of 40 msec) show the  wake region f i l l i n g  with smoke. I n v e s t i g a t o r s  
observed t h a t  t he  smoke i n  the  wake region came forward from the  wake c losure  
region.  The photograph f o r  f i g u r e  17 (d )  was taken a few seconds a f t e r  t he  
smoke plume had moved wel l  above the  a i r f o i l .  Below and immediately above the  
wake region t h e  smoke has been convected downstream, bu t  smoke remains i n  the  
wake region.  The poor convect ive t r a n s f e r  of smoke between the  o u t e r  flow and 
wake reg ion  a l s o  occurred a t  the  tunnel  t e s t  speed of 51 m/sec. This i s  demon- 
s t r a t e d  by f i g u r e  18 which shows t h a t  low average d a t a  r a t e  contours coincide 
with the  upper boundary of t he  region of low smoke d e n s i t y  shown i n  f i g u r e  16. 
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The flow v i s u a l i z a t i o n  ind ica ted  t h a t  much of  t he  unsteadiness  i n  the  flow 
a f f e c t e d  l a r g e  reg ions  of t he  flow. The l a r g e  changes observed i n  the  bound- 
aries of the  wake region a l s o  i n d i c a t e  t h a t  one of t h e  sources of unsteadiness  
i n  t h e  flow w a s  l a rge-sca le  f l u c t u a t i o n s .  
Basic Data 
S t a t i s t i c a l  moments.- The histograms f o r  each run a r e  shown i n  f i g u r e s  19 
t o  25. A t  t he  beginning of each f i g u r e ,  t he  measurement l o c a t i o n  is  ind ica t ed  
by the  t a i l  of  a mean v e l o c i t y  vector .  The s ta t i s t ica l  moments f o r  some of the  
runs  a r e  p l o t t e d  i n  f i g u r e s  26  to 44 and a r e  l i s t e d  i n  t a b l e  111. The curves 
€or  t h e  higher  moments, skew and excess ,  do no t  show as much consis tency and 
smoothness as the  v e l o c i t y  and s tandard dev ia t ion  curves.  This may be a t t r i b -  
uted p a r t l y  t o  the  decrease i n  accuracy expected f o r  t he  h igher  moment ca lcu la-  
t i o n s .  Table I11 g ives  t h r e e  va lues  each f o r  UL and VL. The means of t h e  
ensemble averaged d a t a ,  UL,e and VL,eI  a r e  compared t o  the  means found by 
account ing f o r  t he  v e l o c i t y  b i a s ,  UL,B and vL,B. The d i f f e r e n c e s  a r e  usua l ly  
less than the  s t a t i s t i c a l  u n c e r t a i n t i e s  due t o  t h e  f i n i t e  number of measurements, 
6% , e  
Therefore,  t he  va lues  UL,e  and VL,e 
ca l cu la t ed  va lues  f o r  uL and VL. The time-averaged v e l o c i t i e s ,  UL,a and 
VL,a ,  a r e  a l s o  tabula ted .  
t h e  ensemble means a r e  s i g n i f i c a n t  i n  the  regions of low v e l o c i t y  ( f i g .  l l ) ,  
l a r g e  s tandard dev ia t ion  ( f i g .  1 4 ) ,  and low d a t a  r a t e  ( f i g .  1 8 ) .  Even though 
t h e  time average i s  a more d i r e c t  c a l c u l a t i o n  than t h e  ensemble mean, it is  
marred by seve ra l  de fec t s .  A t  d a t a  r a t e s  l e s s  than about 50 measurements p e r  
second, t he  l i ke l ihood  of exceeding the  maximum time of t he  i n t e r a r r i v a l  clock 
becomes s i g n i f i c a n t .  When t h e  maximum clock time of 0.655 sec i s  exceeded, t he  
clock r e s e t s ,  causing a break i n  t h e  continuous timing. This break f o r c e s  the  
c a l c u l a t i o n  of a s e r i e s  of i n t e g r a l s  and l o s s  of accuracy. The time-averaged 
and ensemble mean va lues  agree  wel l  ( t y p i c a l l y  within 1 percent )  f o r  runs with 
high d a t a  r a t e s  (above 200 pe r  second). Although no e r r o r  a n a l y s i s  has been 
developed f o r  t he  time-average c a l c u l a t i o n  f o r  randomly sampled da ta ,  t he  calcu- 
l a t i o n  appears  t o  be accu ra t e  f o r  high d a t a  r a t e s  a t  i e a s t .  
and and much less than the  s tandard dev ia t ions ,  0, and GV. 
were used throughout t h i s  r e p o r t  a s  t h e  
The dev ia t ions  of t he  time-averaged v e l o c i t i e s  from 
The bas i c  d a t a  a r e  converted i n t o  more convenient forms i n  t a b l e  I V .  The 
v e l o c i t i e s  a r e  converted i n t o  free-s t ream coord ina te  components and i n t o  a 
r e s u l t a n t  ve loc i ty .  The l o c a t i o n  o f  t he  measurement i s  shown i n  t h ree  coordi-  
n a t e  systems: f ree-s t ream, a i r f o i l  chord o r i en ted ,  and a i r f o i l  sur face  
coord ina tes .  
D a t a  consis tency.-  The nominal tunnel  t e s t  cond i t ions  were UT = 51  m/sec, 
..._ 
MT = 0.148, and The tunnel  v e l o c i t y  dev ia t ion  from t h e  nominal 
over t h e  5-day du ra t ion  of t h e  t e s t  was l e s s  than +2 percen t  and, i n  add i t ion ,  
many of t h e  r e s u l t s  a r e  normalized by the  tunnel  v e l o c i t y  which w a s  measured by 
a p i t o t  probe when t h e  l a s e r  velocimeter  d a t a  were acquired.  The Reynolds num- 
be r ,  however, devia ted  as much as k4 percent  from t h e  nominal value,  and no 
normalizat ion procedure i s  a v a i l a b l e .  
Rc = 1 X lo6. 
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The l a r g e s t  i ncons i s t ency  i n  the d a t a  w a s  caused by r a i s i n g  t h e  wing t o  
change the  scan mechanism l i m i t s  as shown i n  f i g u r e  9. The process  of r a i s i n g  
t h e  wing increased t h e  angle  of a t t a c k  less than 0.09O. Scans 13, 14, 15, 
and 19 w e r e  i n t e r r u p t e d  by t h e  change. The r e s u l t i n g  d i s c o n t i n u i t y  i n  t h e  m e a -  
surements i s  apparent  i n  f i g u r e  10 f o r  scan 19. Runs 270 and 273 t o  289 w e r e  
made f o r  t h e  r a i s e d  condi t ion.  Even though t h e  intermeshed p o i n t s  w e r e  removed 
before  t h e  contour p l o t s  w e r e  made, t h e  d i s c o n t i n u i t y  i s  a l s o  obvious i n  f i g -  
u r e s  11 t o  14. 
Veloci ty  Frequency Spectra  
The frequency con ten t  of  t h e  v e l o c i t y  w a s  measured a t  two p o i n t s  i n  t h e  
flow f i e l d  using t h e  technique presented previously.  The two p o i n t s ,  marked by 
c r o s s e s  i n  f i g u r e  14, w e r e  chosen t o  be near  t h e  mixing l a y e r s  above t h e  upper 
surface and behind t h e  t r a i l i n g  edge and t o  be i n  regions where high d a t a  ra tes  
w e r e  more e a s i l y  ob ta inab le .  Both UL and VL components w e r e  measured. The 
r e s u l t s  are presented i n  f i g u r e s  45 t o  48. 
Each spectrum i s  based on 30 000 o r  more measurements. The autocovariance 
funct ion w a s  based on 512 time de lays  with a AT of  0.25 msec. The value of  
t h e  autocovariance func t ion  f o r  each t i m e  de l ay  w a s  based on 4000 o r  more p a i r e d  
products  ( f i g s .  45 ( a ) ,  46 ( a ) ,  47 ( a ) ,  and 48 (a3 ) . The measured power s p e c t r a  
shown i n  f i g u r e s  45 ( c ) ,  4 6 ( c ) ,  47 ( c )  , and 48  ( c )  have a frequency r e s o l u t i o n  of  
4 Hz and a frequency range from 0 t o  1.0 kHz. The high peaks i n  t h e  ze ro th  
frequency, o r  dc value,  may i n d i c a t e  t h a t  t h e  ensemble means t h a t  were sub- 
t r a c t e d  from t h e  d a t a  w e r e  n o t  t h e  t r u e  v e l o c i t y  means. 
The p o i n t s  above the  mixing l a y e r  show l a r g e  excursions i n  amplitude,  b u t  
t h e  t r end  appears  t o  be d e c l i n i n g  amplitude as frequency inc reases .  The calcu- 
l a t i o n  scheme used, i . e . ,  Fourier  transform of  t h e  autocovariance,  does n o t  
f o r c e  t h e  s p e c t r a l  amplitude t o  be p o s i t i v e .  Any negat ive values  t h a t  occur 
are probably due t o  s t a t i s t i c a l  v a r i a b i l i t i e s  i n  the  c a l c u l a t i o n s  based on a 
l i m i t e d  amount of da t a .  A t  t h i s  t i m e ,  t h e  r e l a t i o n s h i p  of  s p e c t r a l  unce r t a in ty  
as a funct ion o f  p a r t i c l e  a r r i v a l  r a t e ,  number of  measurements, and s p e c t r a l  
bandwidth is unknown. Thus these  s p e c t r a l  measurements are viewed f o r  on ly  a 
q u a l i t a t i v e  i n d i c a t i o n  of  t he  frequency con ten t  i n  t h e  v e l o c i t y  flow f i e l d .  I t  
i s  t e n t a t i v e l y  concluded t h a t  t h e r e  are no dominant, d i s c r e t e  f requencies  pres-  
e n t  and t h a t  most of t h e  flow unsteadiness  i s  concentrated i n  t h e  f r equenc ie s  
below 0.4 kHz. The r e s u l t s  of  reference 3 showed a d i s c r e t e  frequency t h a t  
corresponded t o  a Strouhal  number of 0.6 based on t h e  l eng th  c s i n  a. There- 
f o r e ,  t h e  l a r g e  amplitude response expected a t  0.3 kHz w a s  no t  found i n  t h e  
p re sen t  experiment. 
For t h e  p o i n t s  near  t h e  t ra i l ing-edge wake, an even sharper  d e c l i n e  i n  
amplitude with frequency i s  apparent.  Most of t h e  power i s  contained i n  f r e -  
quencies below 0.2 kHz. 
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Leading-Edge Region 
The mean flow v e l o c i t i e s  f o r  scans 1, 2 ,  and 3 are a f f e c t e d  i n  magnitude 
and d i r e c t i o n  by t h e  presence of  t h e  wing. The histograms ( f i g .  19) show more 
detailed t rends.  The VL component histograms are skewed i n  a p o s i t i v e  sense 
(toward higher v e l o c i t i e s ) ,  but most of t h e  
broader,  s h o r t e r  histograms i n  t h e  region above the  a i r f o i l .  The histograms 
become narrower and t a l l e r  ( i . e . ,  smaller standard dev ia t ion )  toward the  bottom 
of t h e  scans. The contour p l o t  of  r e s u l t a n t  s tandard dev ia t ion  ( f i g .  14) shows 
t h a t  t h e r e  i s  more unsteadiness  i n  the  flow near  t h e  a i r f o i l  leading edge and 
t h a t  away from t h e  a i r f o i l  su r f ace ,  t h e  unsteadiness  decreases .  
UL components tend t o  have 
The histograms of  t h e  scans below the  a i r f o i l  (scans -4, -5, and -6 i n  
f i g s .  2 0  and 2 1 )  show s i m i l a r  t rends.  The VL components become p a r t i c u l a r l y  
broad near  t h e  a i r f o i l  lower surface.  The t r a n s i t i o n  t o  broad histograms occurs  
a t  about run 8 2  i n  scan -6. Runs 83 and 84 have bimodal or double-peaked h i s t o -  
grams. This p a t t e r n  i n d i c a t e s  t h a t  t h e r e  are two flow s ta tes  with d i f f e r e n t  
v e l o c i t i e s  and t h a t  t he  flow a l t e r n a t e s  between t h e  two s ta tes .  A precursor  of 
t hese  bimodal histograms can be seen i n  scan -4 ( t h e  VL components of runs 59 
and 60) b u t  n o t  i n  scan -5. The flow s t a t e  with t h e  higher  v e l o c i t y  i s  appar- 
e n t l y  dominant c l o s e r  t o  the  a i r f o i l  surface.  Thus, t he  bimodal histograms are 
no t  caused by the  pene t r a t ion  of  an o s c i l l a t i n g  sepa ra t ion  bubble, and no d i s -  
crete v o r t i c e s  are passing through t h e  region. The bimodal histograms i n  t h e  
p r e s e n t  case are probably a s soc ia t ed  with unsteady f l u c t u a t i o n s  i n  the  a i r f o i l  
c i r c u l a t i o n  which may r e s u l t  from unsteady sepa ra t ion  phenomena. 
C r e s t  Region 
The c r e s t  region encompasses scans 4 t o  9; it i s  the  t r a n s i t i o n  between 
the  leading-edge and mixing l a y e r  regions.  The crest  region histograms 
( f i g s .  2 0  and 2 1 )  continue many of the t r ends  observed i n  the  leading-edge 
region. The p o s i t i v e  skew of the  VL component cont inues through scans 4 ,  5,  
and 6 f o r  t h e  histograms f a r t h e s t  above the  a i r f o i l  surface.  Scans 6 t o  9 show 
l e s s  skew of the  VL component and show negative skew of  t h e  UL component. 
A s  t h e  a i r f o i l  surface i s  approached, t h e  histograms become broader.  This 
t r end  i s  more pronounced f o r  t he  downstream scans. Some of  t he  histograms near- 
e s t  the  su r face  are bimodal. Run 51  of scan 4 ,  run 66 of scan 5 ,  run 79 of 
scan 6, and run 112 of scan 9 are bimodal i n  the  VL component. Run 80 and 
runs i n  scans t h a t  a r e  f a r t h e r  downstream become extremely broad near  t h e  a i r -  
f o i l  surface.  This r ap id  change i n  s tandard dev ia t ion  with he igh t  causes a 
concentrat ion of contour l i n e s  i n  f i g u r e  14. The mean flow angles  a l s o  inc rease  
r a p i d l y  ( f i g .  1 2 )  i n  t h i s  region. Figure 49 shows v e l o c i t y  p r o f i l e s  of t he  
magnitude of t h e  component p a r a l l e l  t o  t he  a i r f o i l  surface.  The v e r t i c a l  s c a l e  
i n  f i g u r e  49 r e p r e s e n t s  t he  normal d i s t a n c e  from a i r f o i l  surface.  
Figure 49 ,  t oge the r  with t h e  histograms, shows t h a t  t he  flow f i e l d  i n  the  
crest  region con ta ins  a l a y e r  of  high v e l o c i t y  g r a d i e n t s  and t h a t  t h e  flow i s  
very unsteady within t h a t  l a y e r .  The l a y e r  begins with,  o r  i s  preceded by, a 
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region with bimodal histograms which are c h a r a c t e r i s t i c  o f  two a l t e r n a t i n g  flow 
states. Af t  of  scan 6,  t h e  he igh t  of the  l a y e r  above t h e  a i r f o i l  sur face  
inc reases  r ap id ly ,  and t h e  th ickness  of  t h e  l a y e r  a l s o  increases .  The increase  
i n  th ickness  i s  ev iden t  i n  t h e  spreading i n  t h e  downstream d i r e c t i o n  of  t h e  
contour l i n e s  of  bo th  r e s u l t a n t  mean v e l o c i t y  ( f ig .  11) and r e s u l t a n t  s tandard 
dev ia t ion  ( f i g .  14 ) .  It can a l s o  be i n f e r r e d  t h a t  t h e  flow beneath the  l a y e r  
i s  reversed (i .e. ,  t h e r e  i s  a v e l o c i t y  component toward t h e  nose of  t he  a i r f o i l  
sur face)  i n  t h e  area nea r  t he  a i r f o i l  sur face  and a f t  of t h e  a i r f o i l  crest .  
The crest  region con ta ins  t h e  o r i g i n  of t h e  free shear  mixing l a y e r  and the  
reversed v e l o c i t y  region.  The growth i n  he ight  of bo th  cont inues i n t o  t h e  m i x -  
ir,g l a y e r  region.  
Mixing Layer Region 
Flow evolu t ion  €or - - ~ ~ -  a _ _t y p i c a l  . scan.- The histograms of scan 13 are t y p i c a l  
of t he  scans i n  the  mixing l a y e r  region. 
t h a t  run 155 w a s  l oca t ed  i n  the  f a r - f i e l d ,  i n v i s c i d  flow. However, t h e  h i s to -  
grams €or run 155 show t h a t  t h e  flow a t  t h i s  p o i n t  i s  much more unsteady than 
it i s  a t  t h e  uppermost p o i n t s  i n  t h e  leading-edge and c r e s t  regions.  The h i s to -  
grams become broader ,  and the  component mean v e l o c i t i e s  s m a l l e r ,  from runs 155 
t o  about runs 162 o r  163. A s  more of t he  histogram appears i n  t h e  negat ive 
v e l o c i t y  reg ion  (runs 163 t o  about 167) t he  broadening decreases .  The mean 
v e l o c i t y  i s  i n  the  reversed  d i r e c t i o n  f o r  runs 167 t o  173. 
The arrow p l o t  i n  f igu re  10 i n d i c a t e s  
General f e a t u r e s  o f  t he  mixing layer . -  The contours  of cons tan t  r e s u l t a n t  
mean v e l o c i t y  i n  f i g u r e  50 w e r e  drawn by a l i n e a r  i n t e r p o l a t i o n  over t r i a n g l e s  
with v e r t i c e s  a t  t h e  run po in t s .  The con t inu i ty  o f  t he  mixing l aye r  from t h e  
crest  region i n t o  the  mixing l a y e r  region can be seen. 
r e s u l t a n t  s tandard dev ia t ion  are shown i n  f i g u r e  14 .  The unsteadiness  of  t he  
reversed v e l o c i t y  reg ion  i s  comparable i n  magnitude t o  the  magnitude of t he  
r e s u l t a n t  mean ve loc i ty .  Figures  51  and 52 are contour p l o t s  of t he  skew. 
Although t h e  va lues  o f  skew and excess  do n o t  f a l l  i n t o  as  well-defined p a t t e r n s  
as t h e  v e l o c i t y  and s tandard devia t ion ,  t he  locus  of r e l a t i v e  extremums on each 
p l o t  f a l l s  i n  t h e  mixing l aye r .  The extremums are summarized i n  f i g u r e  53. 
The minimums of  excess  f a l l  between the  contour l i n e s  UR = 0.1 and 0.3. The 
maximum values  of r e s u l t a n t  s tandard devia t ion  and skew genera l ly  f a l l  between 
UR = 0.5 and 0.8. 
~ - -  
Contours of  cons tan t  
S i m i l a r i t y  i n  t h e  mixgng_layer.-  The genera l  f e a t u r e s  of  t he  mixing l a y e r  
i n  t h e  contex t  of  the-  e n t i r e  f low f i e l d  have been ou t l ined .  In  order  t o  i so-  
l a t e  the  mixing l a y e r  reg ion  and t o  analyze it i n  more depth,  examination of  
only t h e  component o f  v e l o c i t y  paral le l  t o  t h e  a i r f o i l  mean chord l i n e  
used. The o t h e r  two a l t e r n a t i v e s ,  r e s u l t a n t  mean v e l o c i t y  and v e l o c i t y  par- 
a l l e l  t o  the  a i r f o i l  su r f ace ,  have proved less usefu l .  
Uc is 
The chordwise v e l o c i t y  p r o f i l e s  are presented i n  f i g u r e  54. The s i m i l a r i t y  
i n  t h e  shape of  t h e  p r o f i l e s  f o r  scans 10  t o  15 resembles t h a t  of t he  develop- 
ment of a f r e e  shear  mixing l aye r .  The d a t a  f o r  scan 19 w e r e  taken along a 
v e r t i c a l  l i n e ;  t h e  d i s c o n t i n u i t y  i n  the  p r o f i l e  w a s  caused by the  angle-of- 
a t t a c k  change a f t e r  r a i s i n g  the  wing. In  order  t o  examine t h e  s i m i l a r i t y  o f  
t h e  p r o f i l e s ,  t h r e e  changes w e r e  made i n  the  o rd ina te .  F i r s t ,  t he  d i s t ance  
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from the  a i r f o i l  su r f ace  measured along a normal t o  t h e  surface N w a s  used. 
The second adjustment compensated f o r  t he  curvature  o f  t h e  mixing l a y e r  by 
r e fe renc ing  t h e  o r d i n a t e  t o  No ( t h e  value of  N a t  t h e  l i n e  Uc = 0 as 
shown i n  f i g .  55).  The d i s t a n c e  N - No. i s  thus  t h e  height ,  along the  scan 
l i n e ,  from t h e  p o i n t  where Uc = 0.  The f i n a l  adjustment t o  the  o r d i n a t e  
accounted f o r  t h e  inc rease  i n  h e i g h t  of  t h e  mixing l a y e r  i n  t h e  downstream 
d i r e c t i o n .  
Figure 56 shows two attempts t o  form a s i m i l a r i t y  parameter based on d i s -  
tance downstream s. The f i r s t  a t tempt  w a s  based upon the  observat ion t h a t  t h e  
t h e o r e t i c a l  spreading rate of  s o m e  laminar free shear mixing l a y e r s  i s  propor- 
t i o n a l  t o  t h e  square r o o t  o f  t h e  d i s t a n c e  downstream divided by a Reynolds num- 
ber. S a t i s f a c t o r y  coalescence of  t he  v e l o c i t y  p r o f i l e s  (with t h e  exception of  
par t  of scan 19) w a s  achieved by r e fe renc ing  s t o  a v i r t u a l  o r i g i n  of  0.25 
( the  q u a r t e r  chord) .  The second attempt used t h e  s i m i l a r i t y  parameter 
r l =  . Although t h e r e  is  no s i g n i f i c a n t  improvement i n  t h e  coalescence,  
t h i s  parameter w a s  judged more convenient f o r  t h e  following reasons: (1) This 
parameter i s  more appropr i a t e  f o r  t u r b u l e n t  flows. ( 2 )  The o r i g i n  of t he  mix- 
ing l a y e r  i s  apparent ly  a t  n e i t h e r  s = 0.25 nor s = 0, b u t  as ind ica t ed  i n  
the  d i scuss ion  of  t h e  c r e s t  region,  it i s  c l o s e r  t o  t h e  l a t t e r .  Measurements 
near  enough t o  the  surface t o  d e f i n e  t h e  Uc = 0 (o r  Us = 0) l i n e  i n  the  
crest  region are necessary t o  d e f i n e  a more p r e c i s e  value f o r  the v i r t u a l  
o r i g i n .  (3)  The simpler parameter s e e m s  p r e f e r a b l e  because of  t he  l i m i t e d  
l eng th  o f  t h e  mixing l a y e r  a v a i l a b l e  f o r  a n a l y s i s ,  t h e  inconsis tency of t h e  
d a t a ,  and the  d e t e r i o r a t i o n  of  t he  coalescence f o r  t h e  downstream scans.  
N - No 
Figure 57 i s  an expansion of  f i g u r e  5 6 ( b ) .  The s i m i l a r i t y  of  t h e  p r o f i l e s  
of r e s u l t a n t  standard dev ia t ion  ( f i g .  58) and skew ( f i g .  5 9 ( a ) )  d e t e r i o r a t e  f o r  
t he  downstream p r o f i l e s .  Most of t h e  scans have maximum values  of r e s u l t a n t  
standard dev ia t ion  near  q = 0.2 and maximum va lues  of skew between Q = 0.1 
and 0.2.  The p r o f i l e s  of t h e  UL and VL components of  excess ( f i g .  5 9 ( b ) )  
show some s i m i l a r i t y .  
Summary . ~ . -  . of - mixing . l a y e r  c h a r a c t e r i s t i c s . -  The following conclusions have 
been drawn from t h e  examination of t h e  mixing l a y e r  region: (a)  A f r e e  shear  
mixing l a y e r  o r i g i n a t e s  near t h e  c r e s t  of the a i r f o i l  and forms t h e  upper 
boundary of a highly unsteady reversed v e l o c i t y  region.  ( 2 )  The s i m i l a r i t y  
parameter q i s  adequate, within t h e  l i m i t e d  l eng th  of  t he  mixing l a y e r  region 
and consis tency of  t h e  d a t a ,  f o r  coalescence of t h e  p r o f i l e s  of mean v e l o c i t y  
and r e s u l t a n t  s tandard deviat ion.  (3) The r e s u l t a n t  s tandard dev ia t ion  (which 
i s  a measure of t h e  unsteadiness  of t he  flow) i s  l a r g e s t  i n  t he  upper p a r t  of  
t h e  mixing l a y e r ,  t y p i c a l l y  a t  about Uc = 0.7. The maximum r e s u l t a n t  s tandard 
dev ia t ion  i n c r e a s e s  from a value of about 35 pe rcen t  of  t h e  free-stream veloc- 
i t y  a t  t h e  beginning of  t h e  mixing l a y e r  region t o  about 43 pe rcen t  f o r  t h e  
downstream scans. 
Trailing-Edge Region 
The v e l o c i t y  v e c t o r s  behind t h e  a i r f o i l  i n  f i g u r e  10 show t h a t  t h e r e  i s  an 
abrupt  t r a n s i t i o n  between t h e  reversed v e l o c i t y  region and t h e  j e t l i k e  flow 
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from the  l o w e r  s i d e  o f  t h e  a i r f o i l .  The mean flow s t r eaml ines  ( f i g .  13) show 
t h a t  t he  j e t  i s  e n t r a i n i n g  t h e  a i r  from t h e  reversed v e l o c i t y  region and s w e e p -  
i ng  it downstream. 
The steps i n  t h e  t r a n s i t i o n  from reversed flow t o  j e t l i k e  flow are appar- 
e n t  i n  t h e  histograms f o r  scan 19 ( f i g .  25) .  The histogram f o r  run 282 i s  i n  
t h e  reversed v e l o c i t y  region.  The t r a n s i t i o n  begins  a t  runs 285 and 286 as t h e  
mean v e l o c i t i e s  increase.  Run 285 shows a cont inuing inc rease  i n  mean v e l o c i t y  
and a very l a r g e  inc rease  i n  flow unsteadiness.  The mean v e l o c i t i e s  have near- 
maximum va lues  a t  run 286, and the  flow unsteadiness  has begun t o  decrease 
toward t h e  r a t h e r  s m a l l  va lues  seen a t  run 287. The histogram shapes a t  run 287 
have the  appearance of  t h e  histograms upstream of t h e  a i r f o i l .  The o rde r  o f  
even t s  as t h e  scan i s  t r ave r sed  from top  t o  bottom is  an inc rease  (from nega- 
t i v e  t o  p o s i t i v e  va lues )  i n  mean v e l o c i t y ,  a maximum i n  unsteadiness ,  and 
f i n a l l y  t h e  cont inuing inc rease  i n  mean v e l o c i t y  and decrease i n  unsteadiness  
t o  va lues  approaching t h e  f r e e  stream. 
In  f i g u r e  60, an enlargement of  t h e  v e l o c i t y  v e c t o r s  i s  presented t o  allow 
a d e t a i l e d  examination of  t h e  t r a n s i t i o n  region behind t h e  t r a i l i n g  edge. The 
j e t l i k e  flow appears i n i t i a l l y  t o  follow the  d i r e c t i o n  of t h e  tangent  l i n e  t o  
the  lower su r face  and then t o  curve upward. The he igh t  of  t h e  t r a n s i t i o n  region 
inc reases  r a p i d l y  i n  t h e  downstream d i r e c t i o n .  Scan 16 shows t h a t  j u s t  behind 
t h e  t r a i l i n g  edge t h e  flow makes t h e  t r a n s i t i o n  from f u l l y  reversed t o  f u l l y  
downstream wi th in  a he igh t  of  less than 3 mm. The flow unsteadiness  a l s o  
inc reases  r a p i d l y  i n  t h e  downstream d i r e c t i o n  ( f i g .  61 ) .  The region o f  high 
v e l o c i t y  g r a d i e n t  co inc ides  with t h e  l a r g e s t  values  of r e s u l t a n t  s tandard devi- 
a t i o n .  Figure 6 2  con ta ins  t h e  chordwise v e l o c i t y  p r o f i l e s  p l o t t e d  a g a i n s t  
v e r t i c a l  he igh t  f o r  t h e  t h r e e  scans t h a t  t r a v e r s e  t h e  t r a n s i t i o n  region. The 
p r o f i l e s  are c h a r a c t e r i s t i c  o f  a free shear  mixing l aye r .  The length surveyed 
i n  the  downstream d i r e c t i o n  i s  too s m a l l  t o  assess the  p r o f i l e  s i m i l a r i t y  
q u a n t i t a t i v e l y .  Q u a l i t a t i v e l y ,  t h e  v e l o c i t y  p r o f i l e s  and the  p r o f i l e s  of  
r e s u l t a n t  standard dev ia t ion  ( f i g .  63) show s i m i l a r  shapes from scan t o  scan. 
Even the  p r o f i l e s  of  skew ( f i g .  64) show considerable  s i m i l a r i t y .  There i s  a 
maximum i n  each skew p r o f i l e  above yf /c  = 0 and a minimum below. This i s  
c o n s i s t e n t  with t h e  s k e w  p r o f i l e  p a t t e r n  i n  t h e  f r e e  shear  mixing l a y e r  above 
the  reversed v e l o c i t y  region. 
The f r e e  shear  mixing l a y e r  behind the  t r a i l i n g  edge forms the  boundary 
between t h e  reversed v e l o c i t y  region and the  j e t l i k e  flow from the lower s i d e  
of t h e  a i r f o i l .  The major c h a r a c t e r i s t i c s  of t he  t r a i l i ng -edge  region a r e  as 
follows: (1) The high-speed flow from t h e  lower su r face  is  i n i t i a l l y  p a r a l l e l  
t o  t h e  tangent  l i n e  of  t h e  lower surface.  ( 2 )  The high-speed j e t l i k e  flow 
e n t r a i n s  and a c c e l e r a t e s  t h e  f l u i d  i n  the  reversed v e l o c i t y  region i n  a f r e e  
shear mixing l a y e r .  (3) The flow unsteadiness  w a s  maximum i n  the  p a r t  of  t h e  
mixing l a y e r  with t h e  l a r g e s t  v e l o c i t y  g r a d i e n t ,  and the  maximum r e s u l t a n t  
s tandard dev ia t ion  i n c r e a s e s  i n  t h e  downstream d i r e c t i o n .  ( 4 )  The th i ckness  
of t h e  mixing l a y e r  i n c r e a s e s  i n  t h e  downstream d i r e c t i o n .  The p r o f i l e s  of 
mean v e l o c i t y ,  r e s u l t a n t  standard dev ia t ion ,  and skew show s i m i l a r i t y  of  shape 
along t h e  l eng th  of t h e  mixing l aye r .  
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Wake Formation 
The flow v i s u a l i z a t i o n  r e s u l t s  and f i g u r e  13  i n d i c a t e  t h a t  t he  mixing 
l a y e r s  above the  a i r f o i l  and behind the  t r a i l i n g  edge continue downstream t o  
near  a wake c losu re  poin t .  The reversed v e l o c i t y  region i s  expected t o  con- 
t i n u e  downstream and form p a r t  of t h e  core of t he  wake.. The boundaries of the  
wake core  and the  smoke-free region from the  flow v i s u a l i z a t i o n  appear t o  be 
nea r ly  co inc ident .  
Reference 3 i d e n t i f i e d  d i s c r e t e  v o r t i c e s  above the  a i r f o i l  by t h e  presence 
of a p a t t e r n  of double-peaked histograms near  t he  a i r f o i l  c r e s t  and by a d i s -  
c r e t e  frequency i n  the  sur face  pressure .  I n  add i t ion ,  c ros s -co r re l a t ion  of 
t he  p re s su res  along the  chord ind ica t ed  the  convection of the  d i s c r e t e  v o r t i c e s .  
In  the  p re sen t  t e s t  no d i s c r e t e  frequency peaks were i d e n t i f i e d  i n  the  v e l o c i t y  
spec t r a  above the  a i r f o i l ,  and no p a t t e r n  of double-peaked histograms was found. 
These f a i l u r e s  do n o t  prec lude  the  ex i s t ence  of  d i s c r e t e  v o r t i c e s  because the  
f a i l u r e s  could be due t o  the  vor tex  convection being random i n  time and space. 
Cross-cor re la t ions ,  which can d e t e c t  random, d i s c r e t e  v o r t i c e s ,  a r e  no t  a v a i l -  
ab l e  i n  the  p r e s e n t  t e s t .  Thus the  r e s u l t s  of t he  p re sen t  t e s t  n e i t h e r  support  
nor r e f u t e  the  presence of d i s c r e t e  convected v o r t i c e s  i n  the  mixing l aye r .  
CONCLUSIONS 
A flow survey of t he  flow f i e l d  above a s t a l l e d  wing was conducted by 
means of a d i r e c t i o n a l l y  s e n s i t i v e  l a s e r  velocimeter  t h a t  used the  backsca t t e r  
mode of opera t ion  t o  measure two components of v e l o c i t y  a t  289 po in t s .  Ensemble 
s t a t i s t i c s  were c a l c u l a t e d  toge the r  with the  s t a t i s t i c a l  u n c e r t a i n t i e s  i n  the  
means and s tandard dev ia t ions ,  and histograms were formed f o r  t rend  ana lys i s .  
A t  two l o c a t i o n s  s u f f i c i e n t  d a t a  were taken t o  form v e l o c i t y  frequency spec t r a .  
The model was an aspec t - ra t io-8  wing t e s t e d  i n  t he  Langley V/STOL tunnel  a t  an 
angle  of a t t a c k  of 1 9 . 4 O ,  a nominal Reynolds number of 1 X lo6, and a Mach 
number of 0.148. 
The prominent f e a t u r e s  of t h e  flow about t he  wing a r e  a reversed v e l o c i t y  
region;  f r e e  shear mixing l a y e r s  above and, behind the  t r a i l i n g  edge, below the  
reversed v e l o c i t y  reg ion;  and a j e t l i k e  flow from below the  a i r f o i l  lower sur-  
face .  Analysis of t h e  v e l o c i t y  measurements l e d  t o  the  following conclusions: 
1. The flow upstream of the  l ead ing  edge a n t i c i p a t e d  the  presence of t he  
a i r f o i l  n o t  on ly  by decreased v e l o c i t y  magnitude and changes i n  flow angle  b u t  
a l s o  by increased uns teadiness  and a skew toward higher  v e l o c i t i e s .  
2.  A l a r g e  reversed  v e l o c i t y  region began near  t he  a i r f o i l  c r e s t ,  
increased  i n  he ight  over t h e  a i r f o i l  su r f ace ,  and continued downstream a s  p a r t  
of t h e  wake core.  The flow uns teadiness  ( a s  i nd ica t ed  by t h e  r e s u l t a n t  s tan-  
dard dev ia t ion )  i n  the  reversed  v e l o c i t y  region w a s  t he  s a m e  o rde r  of magnitude 
a s  t he  mean v e l o c i t y  i n  the  reversed  v e l o c i t y  region.  
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3 .  The upper boundary and, downstream of the  t r a i l i n g  edge, t he  lower 
boundary of t h e  reversed v e l o c i t y  region were two f r e e  shear  mixing l aye r s .  
The l a r g e s t  va lues  of flow unsteadiness  w e r e  measured i n  the  mixing l aye r s .  
This unsteadiness  and the  mixing l a y e r  he igh t  increased  i n  the  downstream 
d i r e c t i o n .  P r o f i l e s  of  mean v e l o c i t y ,  r e s u l t a n t  s tandard  dev ia t ion ,  and skew 
showed a s i m i l a r  p a t t e r n  of development i n  the  downstream d i r ec t ion .  N o  evi-  
dence of t he  presence of  d i s c r e t e  v o r t i c e s  was found i n  e i t h e r  mixing l aye r .  
4. The lower mixing l a y e r  was caused by a j e t l i k e  flow from the  lower 
su r face  of t he  a i r f o i l .  This flow w a s  i n i t i a l l y  p a r a l l e l  t o  t he  lower su r face  
tangent  l i n e ,  bu t  it then curved upward and en t r a ined  f l u i d  from the  reversed 
v e l o c i t y  region.  The uns teadiness  of t he  flow w a s  maximum i n  the  region of 
l a r g e  v e l o c i t y  g rad ien t s .  
5. The upper mixing l a y e r  o r i g i n a t e d  near  t he  c r e s t  of t he  a i r f o i l .  Af t  
of 35 pe rcen t  chord, a s i m i l a r i t y  parameter adequately accounted f o r  t he  down- 
stream development of t he  p r o f i l e s  of v e l o c i t y  and r e s u l t a n t  s tandard devia- 
t i on .  The uns teadiness  w a s  maximum i n  t h e  upper p a r t  of t he  mixing l a y e r ,  
t y p i c a l l y  where the  v e l o c i t y  p a r a l l e l  t o  t he  chord w a s  about 70 pe rcen t  of the  
free-s t ream ve loc i ty .  This maximum i n  r e s u l t a n t  s tandard devia t ion  increased  
downstream t o  a maximum value of about 43 pe rcen t  of t he  free-stream ve loc i ty .  
6. Wake con t r ac t ion  began near  t he  t r a i l i n g  edge where the  mixing l a y e r s  
above and below the  a i r f o i l  began t o  curve toward each o the r .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
October 1 2 ,  1978 
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COMPENSATION FOR LASER VELOCIMETER BIAS ERROR 
There are two m a j o r  sources  of  b i a s  e r r o r  p r e s e n t  i n  a l a s e r  velocimeter  
measurement d a t a  ensemble, v e l o c i t y  b i a s  and Bragg c e l l  b ias .  I f  t he  seeding 
p a r t i c l e s  a r e  uniformly d i s t r i b u t e d  i n  the  flow f i e l d ,  a higher  flow v e l o c i t y  
passes  more p a r t i c l e s  through t h e  l a s e r  velocimeter  sample volume than lower 
flow v e l o c i t i e s .  Thus, t h e  d a t a  are biased toward t h e  higher  v e l o c i t i e s .  This 
e f f e c t  w a s  s tud ied  by Tiederman and McLaughlin, and t h e i r  r e s u l t s  are presented  
i n  re ference  8. On t he  o t h e r  hand, when a Bragg c e l l  i s  used i n  the  l a s e r  
velocimeter t o  give the  system di rec t iona l -sens ing  c a p a b i l i t i e s ,  a b i a s  toward 
t h e  lower v e l o c i t i e s  occurs. Since the  Bragg c e l l  moves the  f r inge  p a t t e r n ,  
mul t ip le  measurements can be obtained from the  same seed p a r t i c l e  a s  it passes  
through the  sample volume. The extreme of  t h i s  e f f e c t  occurs  when a p a r t i c l e  
i s  s t a t i o n a r y  i n  the  sample volume which al lows an i n f i n i t e  number of measure- 
ments t o  be made. 
Since the  p a r t i c l e s  pass  through the  l a s e r  velocimeter  sample volume a t  a 
r a t e  propor t iona l  t o  the  v e l o c i t y  of  the  flow, the  b i a s  toward higher  v e l o c i t i e s  
can be cor rec ted  by inc luding  a mul t ip l i ca t ion  f a c t o r  i n  the  s tandard s t a t i s t i -  
c a l  mean ca l cu la t ion  t o  g ive  
- J ) '  a iVi  
'e, cor rec ted  - 
where a i  = l / V i .  Thus, t he  equat ion f o r  c a l c u l a t i n g  the  cor rec ted  ensemble 
mean is  
On the  o the r  hand, t he  measurement r a t e  of a l a s e r  velocimeter system, 
which i s  equipped wi th  a Bragg c e l l  f o r  d i r e c t i o n a l i t y  i n  the  v e l o c i t y  measure- 
ments, is  inve r se ly  propor t iona l  t o  the  v e l o c i t y  of t he  flow. The number of 
multimeasurements made of a s i n g l e  p a r t i c l e  a s  it t r a v e r s e s  the  sample volume 
is  found by d iv id ing  the  t r a n s i t  time of t he  p a r t i c l e  pass ing  through the  
sample volume by the  time requi red  f o r  a s i n g l e  l a s e r  velocimeter  measurement. 
The time f o r  a s i n g l e  measurement i s  found by using the  equation 
l o L f r  
tm = -I- TR 
V f r  + vi 
where Lfr  i s  the  f r i n g e  spacing, Vfr  i s  t h e  v e l o c i t y  of t he  moving f r i n g e s  
due t o  t h e  Bragg e f f e c t ,  and TR i s  the  r e s e t  t i m e  o f  the  high-speed b u r s t  
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counter. The f a c t o r  of 10 i s  included s ince  10 f r i n g e  c ros s ings  are required 
t o  make a measurement. The p a r t i c l e  t r a n s i t  t i m e  tt i s  def ined as t h e  t i m e  
required f o r  t h e  par t ic le  t o  pass through t h e  sample volume as  def ined by t h e  
l/e2 laser power boundaries and i s  w r i t t e n  
where Dsv i s  the  sample volume diameter. Thus, t h e  number of  measurements ni 
i s  expressed as 
The co r rec t ion  f a c t o r  b i  then becomes 
and the co r rec t ed  ensemble mean i s  
The ensemble mean VB co r rec t ed  f o r  both v e l o c i t y  b i a s  and Bragq b i a s  i s  




Based on t h e  c h a r a c t e r i s t i c s  of the  p r e s e n t  l a s e r  velocimeter  with the  assump- 
t i o n  t h a t  t he  v e l o c i t y  w a s  perpendicular  t o  the  V f r i n g e s ,  t he  value of 
was c a l c u l a t e d  f o r  v e l o c i t i e s  from -50 m/sec t o  100 m/sec. The r e s u l t s  a r e  
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0.4 
-60 
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-40 -20 0 20 40 60 80 100 120 
Vi, mfsec  
Figure A1 . -  Weighting f a c t o r  f o r  removal of one-component 
Bragg and v e l o c i t y  b i a s .  
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TABLE I . . LASER VELOCIMETER CHARACTERISTICS 
Laser wavelength. A .  n m  . . . . . . . . . . . . . . . . . . . . . . .  
Cross-beam angle.  8. deg . . . . . . . . . . . . . . . . . . . . . . .  
Transmission c o e f f i c i e n t .  beam B . . . . . . . . . . . . . . . . . . .  
Transmission c o e f f i c i e n t .  beam C . . . . . . . . . . . . . . . . . . .  
Input l a s e r  power. wat t s  . . . . . . . . . . . . . . . . . . . . . . .  
Diameter of l a s e r  beam a t  input  lens .  m . . . . . . . . . . . . . . . .  
Receiving l e n s  foca l  length.  m . . . . . . . . . . . . . . . . . . . .  
Rotation angle of rece iver .  hor izonta l .  deg . . . . . . . . . . . . . .  
Rotation angle of rece iver .  v e r t i c a l .  deg . . . . . . . . . . . . . . .  
Effec t ive  r ece iv ing  l e n s  diameter. m . . . . . . . . . . . . . . . . .  
Transmission c o e f f i c i e n t .  rece iver  . . . . . . . . . . . . . . . . . .  
Bragg frequency. MHz . . . . . . . . . . . . . . . . . . . . . . . . .  
Photomultiplier quantum e f f i c i e n c y  . . . . . . . . . . . . . . . . . .  
Photomult ipl ier  gain . . . . . . . . . . . . . . . . . . . . . . . . .  
Counter threshold vol tage.  volts . . . . . . . . . . . . . . . . . . .  
Low-pass f i l t e r  cu to f f .  MHz . . . . . . . . . . . . . . . . . . . . . .  
High-pass f i l t e r  cu to f f .  MHz . . . . . . . . . . . . . . . . . . . . .  
Counter count comparison accuracy . . . . . . . . . . . . . . . . . . .  
System gain.  d B  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Counter r e s e t  time. TR. psec . . . . . . . . . . . . . . . . . . . . .  
Diameter of sample volume. DSV. mm . . . . . . . . . . . . . . . . . .  
Input l ens  foca l  length.  m . . . . . . . . . . . . . . . . . . . . . .  
Transmission c o e f f i c i e n t .  beam A . . . . . . . . . . . . . . . . . . .  
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aNegative denotes  t h a t  par t  of scan below wing. 
bWing w a s  r a i s e d  and wing angle of a t t a c k  increased  less than 0.09O. 
CDirect ion o f  scan 1 9  w a s  ver t ica l ,  n o t  perpendicular  t o  a i r f o i l  
sur face .  
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-8.7 .2 
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42.9  a 1  
4 5 . :  . 1  
41.6 - 2  
39.2 .2 









. 8  1 .z  
-2.4 .9  
-6.7 - 2  
-9.4 .2 
-8.0 .2 
44.6 . 3  
46.9 - 1  
45.5 . 2  
4 4 . 4  . 3  
42.2 .4 
35.9 . E  
3 1 . R  2 . 2  
39.1 - 6  







3.7 . 8  
6.3 2.2 
-7.C - 6  
- 8 . 4  - 6  
-5.4 .!J 
- 9 . j  . 3  
-7.5 .4 
-19.3 .8 
- 1 2 . 5  1 .0  
49.1 .4 
28.3 1.1 




- .3 .9 
. 1  . 3  
-3.2 .4 
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-4.3 . 3  
-6.5 - 3  
-7.0 .2 
-6.4 - 3  
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7.4 e 2  13.0 
7.1 e 3  12.5 
4.3 .1 8.2 
4.7 - 2  6 .5  
4.7 .3 5.9 
4 . 2  e 1  6.3 
4.0 .1 4.1 
4.2 e 2  4.0 
3.5 .E 4.1 
4.0 -2 3.8 
3.5 .1 5 . 4  
4.7 -2 6.8 
5.4 .1 10.0 
7.7 .1 12.8 
8.3 e 1  14.1 
9.4 -1 16.1 
9.1 -1 18.5 
9.6 e 2  l b . 5  
8.8 -2 16.0 
7.6 a 2  17.3 
7.1 -2 14.4 
6.6 e 3  5.9 
6.0 e 3  9.7 
5.3 . 2  3.4 
6 . 8  e 3  13.6 
9.0 a 5  10.8 
4.9 -1 6.2 
4.3 .1 4.2 
4 . 3  .2 4.8 
4.4 e 1  6.3 
4 . 2  .O 6 .2  
4.9 .1 7.5 
5.9 -1 1 0 0 7  
6.6 - 2  12.4 
7.9 - 2  15.7 
8.9 a 3  18.0 
9.7 e 5  14.8 
9.1 . 2  15.1 
.4 
.4 
0 4  
.2 
.2 
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40.0 11.2 - 3  18.1  e 5  
36.8 ( - 5  . 3  18.3 - 7  
26.3 10.0 - 4  20.3 - 8  
27.9 8 . 4  .5 16 .9  e 9  
13.3 8 . 9  e 4  19.2 1.1 
20.1 7.7 0 2  15.0 e 7  
5.3  7.9 - 3  15.0 e 5  
4.2 8.8 a 5  19.5 1.0 
-7.6 4.4 e 3  5.9 a 5  
-9.2 5.0 -2 4.6 - 4  
-7.3 6.6 -1 9.4 e 3  
- 9 - 5  5.5 e 2  6.3  - 2  
-10.2 5.9 .1 5.7 .2 
-10.4 5.3 - 2  6.1 e 4  
-15.5 4.7 e 1  6.7 - 3  
42.0 7.7 e 2  13.5 a 3  
36.6 9.6 e 3  19.2 e 6  
40.3 9.5 . 2  19.0 e 4  
25.3 8.5 e 3  18.4 a 4  
21.6 9.6 e 3  18.7 e 6  
13.5 8.8 .3 17.4 - 9  
.a 6.3 a 1  10.0 - 3  
. I  8.9 .3  13.5 .7 
-4.4 7.3 .1 9.3 . 3  
-3.9 7.3 .E 8.2 .2 
-3.8 7.2 .1 8 . 4  .2 
-9.4 6.7 -1 7.3 e 2  
-5.5 6.6 - 2  8 . 4  .2 
-8.9 6 . 8  e 2  5.7 e 2  
-7 .6 6.1 - 3  6.7 -2 
-9.6 5.8 5.4 - 3  
46.5 2.3 e o  1.9 e o  
45.8 2.1 -0 1.9 -0 
45.8 2.0 .O 1.9 .O 
46.5 2.0 -0 1.8 - 0  
- 3 2  












- e 4 1  
-.35 
-.Ob 
e 3 0  
e 1 6  
a 3 6  
- 2 5  
.02 
- 0 3  
- . 43  
.47 









- . 3 6  
- . 0 4  
-.OO 
- e 1 6  
-06  





- 0 6  
.02 
- . 3 8  
- e 1 7  
.10 
.10 
- e 1 5  
- . 3 2  
-e52  
. 14  
- 0 2 5  
-.22 
- e 1 5  
.I8 
. I O  
-.01 
- 1 7  
-a15  
- e 3 1  
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- . lo 
-a15  
-.21 




- 6 1  
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e 0 5  
-e07  
- l . + O  
.44 














e 0 3  
.E6 
- 5 0  
.29 
0 6 2  
.37 






- e 4 0  
-.18 
- e 6 0  
-.39 
-e27  
- 1 4  
.22 




e 0 7  
- 2 3  
-.00 
e 4 6  
.08 
-.Ob 
. 3 5  
- e 6 5  
-.51 
- e 5 2  
-e36  
.e5  
e 3  a b  1 2 6 8  897 
1.0 1.0 3 6 1  623 
1.0 - 6  744 247 
- 5  -.5 5 1 6  446 
-e0 - e1  142  482 
-.6 1.4 5 2 6  390 
- 5  - 3  5 1 1  379  
. 3  -.4 4 1 7  347 
- e 6  - . 3  162 189 
- e 3  -.8 2 3 1  2 0 1  
- 2  . 3  2 5 0 6  2964 
a 4  e 5  5 2 5  3 5 2 6  
a 5  - 7  2 3 6 7  2316 
-.2 . 3  2288 3445 
-e2 -1 3212 2 2 3 1  
-e2 - e 6  1 8 3 4  1 0 0 7  
- e 3  -.8 1 7 0 1  1 4 0 5  
e2 - e 4  1 1 3 2  528 
-1 -.3 876  4 4 1  
- e 1  -.2 639 303 
- 1  - e 1  5 9 6  191 
- e 4  .9  2 3 7  4 1  
- a 4  1.0 2 3 7  8 1  
.5 .2 3 3 7  1 2 4  
- 6  e 8  1 9 6  1 9 2  
-.2 .1 1 2 8 1  882 
-.2 -.2 989 484 
-.2 .4 208 4 1 1  
- 3  1.4 8 6 1  4 0 1  
e 2  - 6  4075 3952 
-1 - 6  4 0 4 9  2 4 3 9  
-2 1.3 2 4 2 8  1 5 1 1  
e 3  e 3  1 0 7 3  1 1 5 0  
-.1 -.7 7 0 0  430 
- e 4  -1.4 3 2 4  66 
-0 - 3  1 9 7  623 
-e5 -e4 5 6 8  323 
- a 3  -1.0 6 6 2  336 
.1 -.7 4 4 1  2 0 1  
. I  -1.0 329 1 5 7  
- e 0  - e 7  1 7 2  1 0 9  
- e 5  - a 8  1 5 8  102 
e 1  e 2  4 9 3  2 1 7  
e 5  - a 4  507 352 
e 6  -1.2 210  75 
- 3  e 8  1 3 9  108 
-.9 - 4  1 2 6  69 
-e3  -.4 1 2 2 7  4 3 5  
- e 4  .O 1 9 3  3 4 5  
- a 4  - a 5  8 6 9  2 3 3  
e 1  - e 8  6 1 5  6 1  
-1.2 -1.5 2 5 8  44 
0.0 - e 1  1 2 6 4  1 0 9 7  
- e 1  - e 6  653  318 
-.O -.8 7 8 3  745 
-.E - a 8  2 7 9  5 9 3  
-.2 - e 6  5 0 4  403 
-1 0.0 3 9 4  1 8 9  
01 -4 4 2 1  222 
e 3  - 5  1 2 1 4  8 6 5  
-.5 e 1  1 1 9 3  614 
-e3 -.2 464 603 
- e 4  -1 1 2 4 0  688 
e0 - e 4  1 3 2 9  5 5 1  
.4 -.l 5 1 8  598 
e 4  - 2  8 1 3  545  
- e 8  - 6  1 4 7  5 7 1  
-.2 2.2 1 1 1 0  4 7 1  
- e 0  e 5  4082  4052 
- 2  e 1  3 5 1 7  3 6 6 9  
e 5  e 2  1 8 8 1  2 0 8 4  
- B O  0.0 4072 4044 
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5 3  
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2 8  
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1 4  
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3 
1 4  
1 7 5  
1 4 1  
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3 
1 4  
10 
4 
2 1  
10 





2 0  
1 9  
7 
2 0  




1 8  
9 4  
5 8  
3 1  
6 7  
a 
V 
1 4  









4 9  
5 8  
38 
5 7  
37  















1 0 7  
40 




























1 4  
1 0  







1 6 3  
6 1  
34  
1 2 9  
aNegative denotes  t h a t  part of scan  below wing. 
bCorrected for v e l o c i t y  bias i n c l u d i n g  Bragg e f f e c t s .  
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TABLE 111.- Concluded 
D.R. 
Run scan U L , ~  %,e VL,e 6VL,e UL,B VL,B %,a ou 60, ov 60, meas/sec 
u v  m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s 'R,U 'R,V E~ D~ D~ 
( a )  (b) (b) 
2 1 8  - 
2 1 9  
2 2 0  
2 2 1  
2 2 2  
223 
224  
2 2 5  
2 2 6  
2 2 7  
2 2 8  
2 2 9  
230  
2 3 1  
2 3 2  
233 
234  
2 3 5  
2 3  6 
237 
2 3 8  
2 3 9  
240 




2 4  5 
246 
2 1 7  
248 
2 4 9  
2 5 0  
2 5 1  
252  
2 5 3  
254  
2 5 5  
2 5 6  
257  
2 5 8  
2 5 9  
260 
2 6 1  
262  
2 6 3  
2 6 4  
2 6 5  
2 6 6  
267 
2 6 8  
269 
2 7 0  




2 7 5  
2 7 6  
2 7 7  
2 7 8  
2 7 9  
280 
28 1 
2 8 2  
283 
2 8 4  
2 8 5  
2 8 6  
2 8 7  
2 8 8  
2 8 9  
.15 30.3 
1 6  -1.8 
16 -1.7 
1 6  -7.7 
l b  -7.5 
1 6  -9.0 
l o  -7.M 
1 6  - 7 . 6  
16 -7.9 
1 6  -4.1 
16 - 5 . 8  
16 -1.7 
1 6  9.3 
1 6  28.3 
1 6  29.2 
1 6  3Z.V 
1 6  34.0 
1 6  32.7 
1 6  31.9 
16 71.6 
1 6  31.9 
1 6  32.1 
1 6  32 .3  
1 7  -10.1 
1 7  -11.3 
1 7  -12.2 
1 7  - 9 . P  
1 7  -11.8 
1 7  -9.9 
1 7  32.1 
1 7  35.9 
1 7  34.5 
1 7  3 4 . 2  
1 7  34.2  
l E  32.2 
It) 37.3 
l h  36.8 
1 8  36.9 
1 9  39.R 
1'4 38.6 
1 9  37.4 
1 9  34.8 
1 9  31.9 
1 9  3G.h 
1 9  27.2 
1 9  21.7 
1'4 16.4 
1 9  12.7 
1 9  9.8 
1 9  10 .2  
1 9  . 9  
19 2.2 
19 -1.8 
1 9  -5.2 
1 9  -5.3 
19  -7.5 
1 9  -9.1 
19 -11.0 
1 9  -10.5 
1 9  -12.2 
1 9  -12.2 
1 9  -9 .a 
19 -7.8 
1 9  2 . 2  
19 -6.5 
1 9  9.6 1 
19  31.9 
1 9  3 8 . 3  
1 9  37.1 
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.e 
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.2 
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. z  
.2 
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4 5 . P  
-1.6 
-3.5 











4 3 . 6  
43.7 
4H.1 
4 3 . 1  
47.7 
4 7 . 3  
47.1 











47 .5  
4 7 . 4  
3 9 . 6  
45.6 
46.0 
4 7 . 5  
4 5 . 9  
4 5 . 2  
44.1 
43.7 
















- 6 . 5  
-7.3 
-6.7 












* 5  -2.9 




. 3  -7.8 
. 3  -7.6 
. 3  -4.4 
.2 -5.5 
.Z -a.o 
. 3  -2.0 
.5 8.7 
.4 28.3 
- 6  29.2 
.1 33.0 
. I  3.1. I 
. 3  32.8 
.o 31.9 
- 0  31.6 
.o 31.9 
- 0  32.1 
3 ? . 3  
. B  -11.1 
- 4  -12.6 
. b  - Id .>  
.7 -12.1 
.7 -12.7 







- 5  32.5 
. 2  37.3 
-0 36.3 
-0 36.9 
-1  43.0 
- 2  37.4 
. 3  31.8 
* 5  26.7 
- 1  39.0 
- 2  35.1 
- 4  30.3 
.5  21.2 
- 7  29.0 
* 7  11.8 
- 7  8 . 3  
* 7  15.6 
. 9  9.2 
.4 .2 
.5 1.4 
. 7  -2 .1  
l . Y  -5.J 
- 4  -5 .6 
.4 -1.7 
. 3  -0.3 
. 3  -11.3 
- 3  - l l .cJ  
- 2  -12.6 
. 3  -1-7.7 
- 5  -10.2 
- 3  -8.3 
- 3  1 . 1  
.5  -7.2 












































































































































- I  I .3  
-9.3 








-e6  7.2 
-3.3 6.6 
-3.2 7.4 



















- 8 . 3  9.0 
-3.0 7.9 
- I . *  8.3 





48.8 3 . 8  
48.2 2.6 
47.6 2 - 5  
42.0 10.6 
46.1 3 - 5  
47.8 2.6 
45.0 5.4 
45.4 6 - 1  




46.7 4 * 0  
46.7 4 w 7  
46.4 7 a 5  
42:l 9 * 8  
42.8 10.4 
















e 2  8.6 









- 4  9 . 6  
.2 8.8 
. 3  8.1 
.2 7.7 
- 2  6 . 8  
- 2  6.1 
- 4  6.3 










e 1  6 . 3  
.1 7.8 
.1 8 . 7  
.1 11.5 
.E 11.1 
. 2  14.3 
. 2  14.9 
.E 17.8 
- 3  18.6 
.2 18.9 
- 3  18.6 
29.9 11.2 e 3  18.7 
13.3 7.9 .2 11.9 
2 7 - 0  10.9 - 3  20.1 
1.5 8.3 - 2  12.9 
-1.8 8.1 .2 9.1 
-4.5 7.7 .1 9 . 8  
-4.4 7 . 8  .2 11.7 
-5.9 8.3 .E 8.7 
-6.4 7.5 -2 8.7 
-8.3 7.9  . 2  7.2 
-8.0 6.0 e 2  5.9 
-6.7 6 . 3  e 2  6.4 
-5.5 7.1 e 2  6.0 
-5.7 8.1 .3 5.2 
6.3 11.9 e 3  6.3 
-2.9 8.4 e 4  6.6 
17.3 16.3 -8 8.5 
33.3 13.7 e 3  10.3 
47.4 2.8 e 0  1.6 
47.0 2.6 - 0  1.5 
47.9 2.8 .O 1.9 
.O 
. 3  
.7 
.4 
. 3  





































. 2  
. 3  
.3 
.3 
. 3  
.4 
.4 
. 3  
.5 
.5 
. 3  
. 3  
.5 
1.0 
. 3  






. 3  
.E 
. 2  
. 3  
.5  




- a 1 3  -e38 
-.l2 -.11 
-.17 .77 
-23 a 3 6  
.17 . O 1  
. 2 2  .51 
-.lo -.17 
-e64 - e 7 5  
- a 4 2  -e04 
- 7 6  e 4 5  
.09 .E5 
.08 .27 
e 0 5  - 6 6  
- a 1 7  -1.14 
-.79 - . s o  
-.77 -1.28 
-1.26 -a99  
-.55 -.e7 
- a 0 4  - e 4 1  
-.08 -.47 
-e16  - e 4 8  
- .05  -.59 
-.01 -.55 
- 2 9  - 0 5  
.01 .07 
. 3 8  -.49 
- 0 9  -.Ob 
- a 3 6  -46 
- 2 1  -46 
e 2 7  -e05  
- a 6 4  - e 9 8  
- e 8 8  -e99  
-.eo - . 4 3  
-e16  -e45  
-.I3 -.37 
-e77  -1.16 
-.73 -.05 
-.27 - .08 
-.34 -.41 
-.11 -.33 
- .33 -.39 
-.40 -.74 
-a42  - a 7 0  
- e 4 2  -1.04 
-.37 -.94 
- . 3 4  -.59 
- e 0 9  - e 6 8  
-.42 -.57 
-.2O -.39 
-.2O . O 1  
- e l 8  ;a40 
- . l Z  -.00 
-.E7 .08 







e 2 7  -.Ob 
-.31 .07 
-.25 .55 
-.05 - . 4 3  
-e06 - e l 8  
- 4 9  -67 
.49 -.04 

































. 3  
-.4 
.2 






















-.3 -. 1 
-.3 -. 1 
-.I 
-.3 













-.2 5 5 6  6 4 2  
-.o 9 7 8  448 
1.1 51 1 4 5  
-.o 5 3 7  3 5 7  
-e5  671 293  
-8 6 1 7  1 3 7  
e 1  7 2 0  273 
e 2  2 9 0  2 1 5  
- e 4  3 8 0  196 
- e 7  5 6 7  3 5 7  
1.1 5 2 4  298  
-.1 4 3 0  275  
e 1  2 9 0  3 1 9  
1.3 5 6 5  4 0 5  
e 2  166 1 3 3  
1.0 1 8 9 3  1 5 1 1  
-.2 2324 2182 
-0 4087  4 0 5 5  
- 2  4 0 8 3  4 0 3 1  
-1 4 0 8 3  4 0 3 1  
- 4  4 0 7 7  4 0 3 4  
- 4  4 0 8 3  4047 
-.4 1 6 6  238  
1.0 382 1 2 8  
- 2  482 365  
- a 3  4 8 0  1 3 4  
-.2 5 0 3  88 
-1 5 6 6  266  
-4 3 7 1  1 4 3  
.3 5 1 0  493  
1.9 2373 1 3 9 4  
e 5  4 0 8 2  3 2 0 9  
e 7  4 0 P O  2 9 7 5  
-4 4083 3 0 1 0  
e 4  4 8 4  295  
- .b 8 2 1  1 6 0  
e 3  3550 2104 
1.1 2 3 4 5  1 2 1 0  
- 3  3904 2 8 3 1  
e 6  2 3 4 1  1 7 4 9  
1.0 2 1 3 5  1 3 9 2  
-8 1 8 2 5  1 5 5 0  
e 7  1 3 7 6  1 1 6 6  
e 9  1095 8 8 7  
-.5 8 5 2  9 6 6  
-.1 1 0 8 1  915  
- e 3  1 1 6 6  7 2 0  
- e 6  7 2 0  7 8 3  
-1.0 1 0 3 0  8 2 5  
-.4 7 7 3  648 
-.7 6 3 5  4 4 1  
.2 9 4 9  734 
-.8 698  1 8 8 2  
0.0 1130 365  
-.8 4 5 9  24 
-1 1 4 6 3  5 3 9  
-.2 1 0 5 7  7 2 1  
- e 0  988 719 
- e 2  8 2 0  640 
-.5 1 2 0 0  662  
-.2 7 7 6  5 6 7  
e 3  674 472  
- . 6  7 3 7  1 4 3  
- e 3  5 4 7  427  
e 2  5 4 3  416 
-.1 2 6 7  2 0 3  
- e 2  197 156 
- 2  7 6 8  848 
.7 4 0 6 1  4038 
- 2  4 0 7 9  4 0 5 1  
e 5  4 0 8 3  4060 
-.I 4066 3878 
9 10 
16 7 
0 2  
11 4 
10 2 
1 2  4 
4 3  
6 3  
9 5  
7 4  
4 5  
9 6  
2 2  
3 1  2 5  
38 36 
2 0 2  64 
3 2 7  2 6 7  
2 0 6  1 7 8  
2 4 6  1 6 9  
2 0 8  1 3 6  
212  138 
2 3  
6 2  
8 6  
8 2  
8 1  
9 4  
6 2  
8 8  
39 2 3  
202 5 3  
176 4 9  
1 8 3  5 0  
8 4  
1 3  2 
5 9  3 5  
39  2 0  
1 5 1  47 
39 2 9  
3 5  2 3  
30 2 5  
22 19 
18 1 4  
1 4  1 6  
1 8  1 5  
19 1 2  
1 2  13 
17 13 
1 2  10  
1 0  7 
1 5  1 2  
11 31 
18 6 
7 0  
2 4  8 
1 7  1 2  
16 11 
13 10 
2 0  11 
1 2  9 
11 7 
1 2  2 
9 7  
9 6  
4 3  
3 2  
1 2  1 4  
1 7 1  1 3 5  
2 0 8  163 
186 1 3 8  
e 5  
e 4  
aNegative denotes  t h a t  p a r t  of scan below wing. 
bCorrected f o r  v e l o c i t y  b i a s  i nc lud ing  Braqg e f f e c t s .  
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-07 - 8 4  
- 0 6  - 8 4  
.24 .95 
.22 .93 
- 2 2  -91 
.21 . 8 8  







. 07  .81 
.29 .93 
.30 .91 
.31 . 8 8  
















e 3 3  e90 
.40 .e5 
e36 - 6 3  
. 08  .77 
e07 -76 












- 3 6  -85 
-10 e 6 0  
a 0 6  -61 
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e 5 4 0  
e525 
-504 
- 4 8 6  
-465 

































- 5 2 9  
- 5 0 0  
e 4 0 4  
-469 
.453 











a 2 6 6  
a275 












e 2 5 3  








-e163 e 0 4 2  
-.163 a 0 2 2  











- . O B 6  -019 
-.079 -.ooo - e07 8 -e  0 21 
-e079 -e041 







-e078  e 0 6 3  
-.038 .021 




















- e 0 6 0  -e110 
-.060 -.099 
s.049 - a 0 8 7  
-no36 -e074 




-001 e 0 6 2  
-005 e039 
-004 -023 






















































- 2 3 . 6  
-24.0 










































































- e 0 2 6  
- e 0 2 6  
-e024 
-e024 
- a 0 2 5  
-e024 
- e 0 2 4  









- e 0 4 3  
-e048 































e 0 6 9  
e052 




e 0 6 0  
. 0 8 2  








~ 0 6 9  
a051 













, 0 6 0  
e047 









72 6 1.00 
7 3  6 1 - 0 0  
74  6 1 - 0 0  
7 5  6 e 9 6  
7 6  6 - 9 4  
7 7  6 e 9 4  
7 8  6 e 9 3  
79  6 e 8 1  
80 6 e 0 3  
a 1  -6 . 6 6  
8 2  -6 - 6 6  
d 3  -6 - 7 1  
04 -6 - 7 9  
6 5  7 1.05 
86 7 1 - 0 1  
8 7  7 1.01 
68  7 1 .00  
b9  7 1 - 0 0  
9 0  7 1.02 
9 1  7 1.02 
9 2  7 - 9 9  
9 3  7 e 8 6  
9 4  7 . 5 5  
95 8 1.09  
9 6  8 1 - 0 6  
$7 8 1.09 
9 8  8 1 . 1 0  
9 9  8 1 . 0 1  
1 u o  8 . 9 4  
1 0 1  8 .75  
1 0 2  8 .44 
1 0 3  8 ~ 2 5  
104 9 1 . 1 3  
1 0 5  9 1 .14  
l o b  9 1.15 
1 0 7  9 1.14 
1 0 8  9 1 . 0 6  
1 0 9  9 - 7 8  
1 1 0  9 .45 
111 9 - 2 4  
1 1 2  9 - 0 6  
113 1 0  1 - 1 6  
1 1 4  1 0  1.16 
1 1 5  10 1.14 
1 1 6  1 0  1 - 0 6  
1 1 7  1 0  . 8 8  
1 1 8  1 0  e70 
119 10  .53 
1 2 0  1 0  - 3 1  
1 2 1  1 0  . 1 2  
1 2 2  1 0  .01 
1 2 3  1 0  -.Ob 
1 2 4  10 -.Ob 
1 2 5  11 1.16 
1 2 6  11 1.17 
1 2 7  11 1.11 
1 2 8  11 .94 
1 2 9  11 - 6 5  
1 3 0  11 . 4 9  
1 3 1  11 - 3 8  
1 3 2  11 - 1 7  
133 11 - 0 9  
1 3 4  11 - 0 5  
1 3 5  11 -a03 
1 3 6  11 - e 0 9  
1 3 7  11 -.11 
1 3 8  11 - e 1 1  
1 3 9  1 2  1.18 
1 4 0  1 2  1.14 
1 4 1  1 2  1 - 0 5  
1 4 2  1 2  e 8 6  
143 1 2  e 6 7  
1 4 4  1 2  a 4 7  
"f 'R 
U T  UT 
- -  
e 2 6  1.03 
e 3 1  1 . 0 4  
e 3 7  1 - 0 7  
. 3 1  1 . 0 1  
- 4 3  1.04 
. 5 3  1.08 
-63 1.12 
- 4 3  - 9 1  
e 0 6  - 0 7  
e 0 1  - 6 6  
- e 0 3  - 6 6  
-02 - 7 1  
. 0 5  .79  
. 2 3  1 .08  
.20 1.03  
-23 1.04 
-24 1 - 0 3  
- 2 8  1.04 
- 3 2  1.07 
e36 1.08  
. 3 3  1 - 0 4  
-28 - 9 1  
. 1 2  .57  
.22  1.11 
- 2 4  1.09 
- 2 6  1.12 
.28  1.14 
.23  1 .04  
. 2 4  .97 
. 1 7  .77  
.09  .45 
- 0 7  -26 
. 2 1  1 . 1 5  
- 2 3  1 - 1 6  
.25  1.18 
.20  1 . 1 5  
- 1 6  1 - 0 7  
.10  .78 
-06 .45 
- e 0 3  - 2 4  
-03 .07 
.18  1.18 
. 2 0  1 .18  
. 1 3  1 .14  
-11 1 - 0 7  
. 1 0  .89  
-07 a70 
-.oo .53  
.oo . 3 1  
.02 .A2 
.02 .03 
. 0 5  .08 
. O C  .07 
- 1 5  1.17 
.09 1.17 
.03 1.12 
.01  .94 
-.03 - 6 5  
-.00 .49  
-.05 . 3 8  
. 0 7  .18 
- 0 2  - 0 9  
-03 -06 
- 0 7  - 0 7  
. 08  .12 
.04 .ll 
.OB .13  
.05  1 .18  
- 0 2  1.14 
-a02 1 - 0 5  
-.02 e 8 6  










3 4 . 0  
27.9 
6 4 . 3  











18 .7  
18 .1  
12 .2  
11 .3  
12.7 
13.4 
14 .2  
13.0 




10 .4  












5.9 -. 5 









-2.5 -. 1 















TABLE 1V.- Continued 
~ 
- ~~ - 
e 9 0 4  - 4 9 8  - e 0 1 8  -169 -1.6 e 0 5 6  - 1 4 9  
e903 e 4 6 3  - .006 a 1 3 7  -1.7 e 0 5 5  m114 
- 9 0 1  - 4 3 1  a 0 0 7  - 0 9 3  -1.3 - 0 5 7  n o 8 2  
.900 0 4 1 4  
- 9 0 2  e 3 9 6  
, 9 0 3  a 3 8 1  
- 9 0 2  - 3 7 3  
e 9 0 2  e 3 6 5  
e 9 0 2  - 3 5 7  
e 9 6 7  - 2 3 1  
- 9 5 3  - 2 4 7  
- 9 4 4  -260 
- 9 3 8  e 2 6 7  
e 8 0 5  , 5 5 7  
.e10 . 543  
e 8 1 2  - 5 0 9  
.818  .478  
. a 2 3  .444 
e828 a 4 2 8  
- 8 2 9  .412 
e 8 3 1  e 3 9 5  
a 8 3 4  - 3 8 6  
e836 e 3 7 8  
.737  .554  
.738  .514 
.744 .479 
e 7 5 0  e 4 4 6  
- 7 6 1  , 4 1 4  
e 7 6 7  , 4 0 6  
1 7 6 5  e 3 9 8  
- 7 6 5  e 3 9 0  
e 7 6 7  -382 
e 6 2 6  - 5 4 4  
, 6 2 8  - 5 1 3  
-636 - 4 8 1  
a b 4 7  e 4 5 0  
a 6 5 7  - 4 3 6  
, 6 5 5  e 4 2 0  
- 6 6 3  - 4 0 3  
- 6 6 7  - 3 8 8  
, 6 7 2  - 3 7 2  
-500 - 5 3 6  
- 5 0 1  e 5 0 5  
.514 .474 
- 5 1 8  -460 
.524 .444 
e 5 2 9  - 4 2 7  
.537 .411  
- 5 4 3  e 3 9 6  
.547  . 3 8 1  
e 5 5 3  a 3 6 4  
.559  .350  
e 5 6 6  e 3 3 4  
- 3 4 6  .545 
- 3 4 8  - 5 1 7  
e 3 6 1  e 4 8 6  
.375 .455 
e 3 8 7  e424 
- 3 9 5  e409 
. 402  , 3 9 4  
- 4 0 8  -378 
e 4 1 3  -362 
.419  . 3 4 8  
.427  . 3 3 3  
e 4 3 3  e 3 1 6  
- 4 3 8  e302 
.445  .287  
~ 2 0 8  - 5 3 1  
, 2 0 7  - 5 0 7  
e 2 1 7  e 4 8 7  
,228 e 4 6 3  
.239  . 4 4 1  
e 2 4 8  e 4 1 9  
. .  
- 0 1 4  e072 
-018 - 0 5 2  
.022 . 0 3 5  
e 0 2 5  a 0 2 6  
e 0 2 8  - 0 1 7  
- 0 3 1  - 0 0 9  
.010 -.081 
-019 -e060 
0 2  4 -. 04 3 
.027  - . 0 3 3  
, 0 5 6  - 2 2 1  
- 0 5 5  .206 
e 0 6 5  - 1 7 1  
e 0 7 0  - 1 3 8  
e 0 7 6  - 1 0 4  
e 0 7 7  e 0 8 6  
e 0 8 1  a 0 7 0  
e 0 8 5  a 0 5 2  
,085 e 0 4 3  
a 0 8 6  a 0 3 5  
- 1 2 1  - 2 2 7  
.133  .188  
- 1 3 9  a 1 5 3  
. 1 4 4  - 1 1 9  
.145 .085  
a 1 4 1  e 0 7 6  
- 1 4 7  - 0 6 9  
- 1 4 9  a060 
e 1 5 0  - 0 5 2  
.229  -246 
- 2 3 7  - 2 1 7  
-240 e 1 8 4  
-240 e 1 5 0  
e23.5 ~ 1 3 4  
a 2 4 2  a 1 1 9  
.241  . l o 1  
e 2 4 2  e 0 8 5  
- 2 4 2  e 0 6 8  
, 3 5 1  .28O 
-360 e 2 5 1  
- 3 5 8  .217  
.359  .202 
- 3 5 8  e 1 8 6  
, 3 5 9  - 1 6 7  
- 3 5 7  - 1 5 0  
- 3 5 6  e 1 3 4  
.358  . l l 8  
.358 . l oo  
e 3 5 6  - 0 8 5  
- 3 5 5  - 0 6 8  
- 4 9 2  e 3 4 6  
- 5 0 0  - 3 1 9  
e 4 9 9  - 2 8 6  
e 4 9 5  - 2 5 2  
.494 .218 
e 4 9 2  e 2 0 2  
- 4 9 0  e 1 8 4  
- 4 9 0  e l 6 7  
- 4 9 1  - 1 5 1  
.489  . 1 3 5  
.487 .118  
.487 . l o1  
- 4 8 7  - 0 8 6  
- 4 8 5  .Ob9 
- 6 2 8  - 3 8 8  
-636 - 3 6 7  
e 6 3 4  e 3 4 5  
- 6 3 1  - 3 1 8  
- 6 2 9  a 2 9 3  







































































e 0 5 7  
e 0 5 5  
e 0 5 4  
- 0 5 4  
- 0 5 4  
- 0 5 4  
- e 0 5 6  
- e 0 5 9  
- a 0 5 8  
- a 0 5 8  
;0b5 
a 0 4 7  
-032 
e024 
8 0 1 6  
.008 
e 0 7 2  
a 0 5 5  
e 0 3 9  
e030 
e l l 8  e 2 1 6  
-115 e 2 0 1  
- 1 1 8  e 1 6 7  
e 1 1 7  ~ 1 3 5  
. 1 1 8  . l o 2  
- 1 1 6  - 0 8 5  
- 1 1 7  - 0 6 8  
- 1 1 7  e 0 5 1  
-116 e 0 4 2  
- 1 1 6  e 0 3 4  
- 1 6 9  ,226 
- 1 7 6  - 1 8 7  
-179 e 1 5 2  
.180  .118  
- 1 7 8  - 0 8 4  
.174  .075  
, 1 7 8  e 0 6 8  
e 1 7 9  e 0 6 0  
e 1 7 9  e 0 5 2  
- 2 6 2  ,246 
e 2 6 8  e 2 1 7  
- 2 7 0  e 1 8 4  
- 2 6 9  - 1 5 0  
-264 - 1 3 4  
a 2 7 1  -119 
-468 - 1 0 1  
- 2 7 0  e 0 8 5  
- 2 6 9  - 0 6 8  
e 3 7 0  , 2 8 0  
e 3 7 9  e 2 5 1  
.379  - 2 1 7  
.379  .202 
.379  .185  
- 3 8 0  - 1 6 7  
, 3 7 9  e 1 5 0  
.378  .134 
,380 . l l 8  
. 3 8 0  . l o0  
.379  . 0 8 5  
e 3 7 9  - 0 6 8  
.498  . 3 4 5  
- 5 0 6  - 3 1 9  
- 5 0 7  , 2 8 5  
- 5 0 6  a 2 5 1  
e 5 0 7  e 2 1 8  
e 5 0 5  0 2 0 1  
e 5 0 5  e 1 8 4  
- 5 0 5  e l 6 7  
- 5 0 7  - 1 5 1  
- 5 0 7  e 1 3 5  
e 5 0 5  -118 
- 5 0 6  e 1 0 1  
a 5 0 7  - 0 8 5  
- 5 0 6  e 0 6 9  
.e22 .387  
- 6 3 1  - 3 6 5  
.631  e 3 4 4  
e 6 3 1  .317  
.630 e 2 9 2  
-630 - 2 6 9  
. -  _. 
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TABLE IV.- Continued 
R u n  Scan 
145 12 


























































2 0 4  15 
205 15 
206 15 































-05 -. 02 
-.13 
-.oo 





















-.09 -. 14 
-e09 























-.01 . 28  -1.7 
e03 e17 9.5 
- 0 5  e09 33.9 
e05 e05 83.6 
.03 .04 74.2 
-08 -11 133.8 
-10 -13 131.8 
-10 e17 144.9 
e08 e15 148.9 
-08 -16 149.0 
-e01 1.18 - . 6  
-e10 1.17 -4.7 
-.08 1.08 - 4 . 3  
- e 1 1  e 9 8  -6.7 
-.18 e 9 6  -10.9 
-el8 e77 -13.1 
-.09 .54 -9.7 
-.11 a 4 3  -14.4 
-e03 -27 -7.3 
-.02 e16 -7.2 
-01 -07 4.2 
-.03 - 0 6  -27.3 
e05 e05 114.2 
e 0 8  - 1 5  150.5 
- a 0 2  -02 -92.0 
e02 -05 158.2 
- 0 6  e14 152.5 
-10 -19 146.3 
-07 e19 158.6 
-.12 1.19 -5.6 
- a 1 3  1.18 - 6 . 3  
-a16 1.14 -7.9 
-.17 1.08 -8 .8  
-.17 1.01 -9.7 
-.19 e 8 3  -13.4 
-e23 e69  -19.1 
-.24 -87 -16.0 
-e24 e79 -17.0 
-.22 e65 -20.3 
-.23 .58 -23.4 
-.15 .41 -22.0 
-.28 . 4 3  -41.4 
-a15 e27 -33.3 
-.15 e29 -32.5 
-.07 .ll -41.9 
-.08 .12 -40.2 
e10 -14 132.6 
e 0 9  e17 145.9 
- 0 6  -11 1 4 3 . 6  
-07 .19 157.1 
e07 -15 154.2 
-12 e20 144.4 
-12 - 2 6  151.5 
-e21 e 9 2  -13.3 
-.17 e 6 4  -15.2 
-.22 .57 - 2 2 . 8  
-a18 -40 -27.7 
-.15 .25 -37.5 
-.09 e14 - 4 0 . 2  
2-04 e06 -142.0 
- e 0 3  e05 -132.2 
e 0 2  e08 165.8 
-.01 .D9 -172.0 
e00 -12 179.4 
-04 -15 164.9 
-01 -13 177.2 
-03 e17 171.0 
a02 -16 171.4 
-04 e17 166.9 
-.21 1.10 -11.0 
-.21 1-09 -11.2 
- e 2 2  1-09 -11.5 
- e 2 3  1.10 -12.0 




-269  ~ 3 7 2  
a279 ~ 3 5 1  
e 2 8 9  .327 
e 2 9 6  a312 
e 3 0 2  .ZQ6 
e309 e 2 8 3  
-316 ,268 
,322 -252 
-331 - 2 3 6  
a 0 3 2  e 5 3 4  
-033 e509 
.041 . 489  
-053 -467 
e 0 6 3  e 4 4 2  
.073 . 4 2 1  






.149 a 2 6 4  
-157 - 2 4 9  
e164 e234 
-170 -219 






-e071 - 4 7 2  
-e063 e450 
-a051 e 4 2 7  
- e 0 4 0  e405 
-e039 , 402  
-e030 -385 
-e021 , 3 6 8  
-.012 . 3 4 8  
-e003 e329 
,006 -311 
,015 e 2 9 2  
- 0 2 4  -272 
.034 e254 
e 0 4 3  e 2 3 6  
- 0 6 3  -216 




e 0 8 8  e143 
e096 e129 
-.148 - 4 0 6  
-.147 -376 
-e134 - 3 4 6  
-e120 e317 
-e106 e 2 8 8  
-e090 ,257 
-e074 e 2 2 8  
-e075 , 226  
-e061 e199 
-e044 e169 
- e 0 3 8  e155 
- e 0 2 9  -141 









e614 e 1 2 0  
e613 a103 
e613 - 0 8 6  
e609 - 0 6 8  
a793 e 4 6 6  
.BOO , 4 4 3  
.799 .421 
-795 -396  
e794 a369 
e791 e 3 4 5  
.788 .321 
e786 e 2 9 6  
e782 -270 
-781 e 2 4 6  
a776 a 2 2 0  
-774 e194 
e772 e170 




e764 . O B 4  
e764 - 0 6 9  
.910 .524 
,916 -506 
-916 - 4 8 2  
.910 .455 
e910 e 4 3 2  
a906 - 4 0 6  









. 8 8 3  .Zl2 
.E81 .191 




e 8 6 9  e 1 0 3  
-870 e087 
a867 a071 
1.005 e 4 3 2  
1.014 - 4 0 3  
1.012 e371 
1.008 . 3 3 8  
1.004 e307 
e999  -271 
.994 .237 
e996 ,236 
e 9 9 2  e205 
e 9 8 6  e171 







e969 - . O b 8  
e 9 6 4  - e 0 5 3  
-959 - e 0 3 6  




24 .1  
24.1 
24.1 




































































S N  
e 6 3 0  a 2 4 3  
e631 -217 
- 6 3 0  e 1 9 3  
e631 - 1 6 8  
-631 a151 
e.631 -134 
e 6 3 0  e119 
e 6 3 0  e103 
e631 - 0 8 6  
e 6 2 9  , 0 6 8  
e772 , 4 6 3  
e781 e440 
-782 -419 
-781 e 3 9 4  
-783 - 3 6 7  
,782 .343 
-782 -319 
-782 - 2 9 4  
-780 a 2 6 9  















- 8 8 7  -403 
e 8 8 1  e379 
-887 -376 
-887 e357 
e 8 8 5  - 3 3 6  
- 8 8 6  ,315 
a 8 8 6  e 2 9 4  
-886  ,273 
,887 ,252 




, 8 8 4  e149 







-992 e 3 6 8  
.993 .335 
-993 e 3 0 3  
-993 - 2 6 8  
-992 -235 
e994 - 2 3 4  
- 9 9 4  e203 







-e993 , 0 8 2  
- e 9 8 9  e067 
-.987 e 0 5 2  
- e 9 8 3  e 0 3 6  
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TABLE 1V.- Concluded 
. - . . _. . 
E18 -15 1.06 - e 2 3  1.08 -12.1 
219 16 -e05 - . O O  e05 -178.0 
220 16 - e 0 7  - 0 3  e 0 8  160.1 
221 16 -e16 -e05 -17 -162.6 
222 16 -e15 -.Ob -16 -156.9 
2 2 3  16 - e 2 1  -no4 -21 -169.2 
2 2 4  16 - e 2 0  - . 0 2  - 2 0  -175.0 
225 16 -.21 .OO -21 179.5 
226 16 -e18 -.04 -18 -166.5 
227 16 -e07 - e 0 4  -08 -130.2 
228 16 -.15 -.01 -15 -177.3 
229 16 -00 -.05 e05 -89.9 
230 16 e 3 6  - e 1 1  -37 -16.4 
231 16 -97 - . Z O  -99  -11.4 
232 16 1.02 -.21 1.04 -11.9 
2 3 3  16 1.14 -.23 1.16 -11.5 
2 3 4  16 1.14 -.21 1-16 -10.4 
235 16 1-12 - .23 1.14 -11.4 
236 16 1.11 -.23 1.13 -11.9 
237 16 1-10 - . 2 3  1.12 -11.9 
2 3 8  16 1-10 -e22 1.12 -11.5 
2 3 9  16 1.09 -.21 1.11 -10.9 
240 16 1.09 - .ZO 1-10 -10.5 
241 17 - a 2 4  -.04 e25 -171.7 
242 17 -.21 -.lo - 2 4  -155.0 
2 4 3  17 - e 2 4  -e10 e 2 6  -156.5 
244 17 - e 2 3  -.04 e 2 3  -169.6 
245 17 -a20 -.13 -24 -146.2 
246 17 - a 1 9  -.08 -21 -155.8 
247 17 e 2 9  -.09 e 3 0  -17.2 
248 17 - 9 9  -e11 1.00 - 6 . 3  
249 17 1.17 - e 1 9  1.19 -9.1 
250 17 1.15 - e 2 0  1.16 -9.9 
251 17 1.14 - . 2 0  1.15 -9.9 
252 17 1.13 - . 2 0  1.15 -9 .8  
253 18 1-00 -.11 1-01 -6.5 
254 16 1.15 -.13 1.16 - 6 . 3  
255 18 1.18 -a17 1.19 -8.2 
2 5 6  18 1.17 -.16 1.18 -7.8 
257 19 1.18 -so9 1.18 -4.6 
258 19 1.15 -e10 1.16 -5.1 
259 19 1.12 -.lo 1.12 -5.3 
260 19 1.08 -.13 1-09 -7.1 
261 19 1-02 -.16 1.03 -8.8 
262 19 1.01 -.18 1.02 -10.0 
263 19 -91 -.17 e 9 2  -10.6 
264 19 - 8 2  -.23 -85 -15.8 
265 19 -73 -.17 -75 -13.0 
266 19 - 6 3  -.19 e65 -16.5 
267 19 -53 -a19 e56 -19.7 
268 19 e48 -e22 -53 -24.4 
269 19 -44 -el6 e47 -20.5 
270 19 -08 -.Ob -10 -35.1 
271 19 - 3 6  -.31 e 4 8  -40.4 
272 19 -.02 - a 0 3  -04 -122.1 
2 7 3  19 -e15 -00 -15 179.8 
274 19 -e11 - . 0 3  e12 -164.8 
275 19 -.15 -.Ob e16 -157.7 
276 19 -a19 -e07 . Z O  -160.8 
277 19 -e21 -e10 e23 -155.6 
278 19 -.24 -a05 e 2 4  -167.3 
279 19 - .27  -.07 .28 -166.3 
280 19 - a 2 6  - e 0 8  e27 -164.1 
281 19 - e 2 2  -e05 - 2 2  -166.4 
262 19 -a18 -e03 a18 -169.7 
2 6 3  19 -11 -e05 -12 -25.3 
Z b 4  19 -e11 -a07 -13 -144.9 
265 19 e35 -.08 -35 - 1 3 . 3  
2 U 6  19 mV5 -e07 e95 -4.4 
287 19 1.20 -.14 1.21 -6.8 
288 19 1.18 -.15 1.19 -7.5 
289 . 19 1.17 -e15 1.18 -7.4 
- 
.~ 
-051 -e018 0958 -0027 
-0017 0 2 0 6  1.014 e223 
-e087 -174 1.024 -193 
-e066 e112 1.025 -127 
-e055 e078 1.026 - 0 9 2  
-0044 -048 1.026 e 0 6 0  
- e 0 3 4  ,018 1.027 e 0 2 8  
-a028 -009 1.023 e018 
-e028 -002 1.026 e011 
-.O22 e 0 0 3  1.020 -010 
-0023 - e 0 0 2  1.022 -006 
-e022 -e005 1.023 e002 
-mot6 -e006 1.026 e003 
-e022 -a010 1.024 -e002 
-a023 -e015 1.026 em006 
-e023 -mol5 1.026 -a006 
-so19 -e019 1.024 -e011 
-e017 - . 0 2 9  1.026 - a 0 2 2  
-e014 -e037 1.025 -e030 
-mol3 -.045 1.027 - . 0 3 8  
-.OOb -e061 1.026 -e055 
-e006 -so73 1.029 -e067 
-e146 e190 1.075 e 2 2 8  
-e141 e150 1.084 -188 
-e115 e072 1.084 a106 
-e102 -032 1.085 a064 
- e 0 8 5  .013 1.076 -041 
-e088 -e007 1.086 - 0 2 3  
-e085 -e016 1.085 e013 
-e080 -e027 1.085 -002 
-a073 -e045 1.084 -.Ole 
-e066 -.Ob5 1.084 - a 0 3 9  
-.Ob5 -0074 1.086 -e048 
-a142 -a022 1.141 -027 
-e139 -.037 1.143 -011 
-e133 -.054 1.143 -e006 
-a127 -e070 1.142 -e024 
-e147 -536 0961 e 5 4 8  
-e148 -519 -967 e533 
-e147 -498 e973 -514 
-.I48 -476 ,982 - 4 9 4  
-e148 -456 -988 a477 
-.147 .435 ,994 ,457 
-e149 e415 1.003 -441 
-el47 e395 1.007 e421 
-a147 e373 1.015 e400 
-e146 ,352 1.021 - 3 8 0  
-e146 - 3 3 2  1.027 -362 
-e147 -310 1.036 -341 
-0146 ,290 1.042 e322 
-e148 -266 1.051 e299 
-.146. e 2 4 8  1.055 a 2 8 2  
-.145 -205 1.068 e 2 4 2  
-e145 -186 1.075 e 2 2 3  
-e145 el65 1.082 a 2 0 4  
-a146 -145 1.089 e185 
-e145 , 1 2 4  1.096 e165 
-.144 e103 1.102 e145 
-e145 e 0 8 3  1.109 a126 
-e144 -062 1.115 -106 
-e144 -041 1.122 e 0 8 6  
-e142 . 020  1.127 -066 
-e144 -020 1.129 e067 
-e143 -moo2 1.135 -046 
-e143 -010 1.131 -056 
-e143 -e012 1.139 -036 
em145 -e021 1.143 e028 
-.144 -a043 1.150 -007 
-e144 -e064 1.157 -a012 
-.144 -0075 1.161 -0023 
-.077 -143 1.025 -161 





11.8 -e984 e027 
19.4 1.044 - 2 2 3  
19.4 1.054 e193 
19.4 1.055 -161 
19.4 1.055 e127 
19.4 1.056 e092 
19.4 1.056 -060 
19.4 1.056 -028 
19.4 1.053 e018 
19.4 1.055 a011 
19.4 1.050 -010 
19.4 1.052 .006 
19.4 1.053 - 0 0 2  
19.4 1.056 a 0 0 3  
19.4 -1.054 e 0 0 2  
19.4 -1.056 a006 
19.4 -1.056 a006 
19.4 -1.054 0011 
19.4 -1.056 e 0 2 2  
19.4 -1.055 e030 
19.4 -1.057 e 0 3 8  
19.4 -1.055 e055 
19.4 -1.059 -067 
19.4 1.104 - 2 2 8  
19.4 1.113 ,188 
19.4 1.115 -148 
19.4 1.114 -106 
19.4 1.115 e064 
19.4 1.106 -041 
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Figure 1.- Wing and l a s e r  velocimeter coordinate systems. 
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Figure 2.- Two-component fringes in sample volume. 
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Figure 4.- Block diagram of laser velocimeter data acquisition system. 
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(a)  Input  s i g n a l  from photomul t ip l ie r  tube.  
- - - - -  + threshold 
Zero v o l t s  
- threshold 
(b)  F i l t e r e d  s i g n a l  and thresholds .  
(c)  D i g i t a l  pu l se  t r a i n  t o  t r i g g e r  re ference  clock counter.  
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Figure 7.- Influence of seed s i z e  d i s t r i b u t i o n  and l a s e r  veTocimeter 
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Figure 10.- Resul tant  vec tors  of mean ve loc i ty  normalized by free-stream ve loc i ty .  
Figure 11.- Contours of cons tan t  r e s u l t a n t  mean v e l o c i t y  normalized by free-stream ve loc i ty .  
Figure 1 2 . -  Contours of constant values of angle ( i n  degrees) of mean flow 
w i t h  respect t o  free-stream direction. 
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Figure 13.- Mean flow s t reaml ines .  
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Figure 14.- Contours of 
v e l o c i t y  
cons tan t  va lues  of r e s u l t a n t  s tandard  dev ia t ion  of 
normalized to  free-stream ve loc i ty .  
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Figure 15.- Sketch of vapor screen f l o w  v i s u a l i z a t i o n  se tup  showing p r o j e c t i o n  of 
v e r t i c a l  s h e e t  of l i g h t  through p lane  of wing c e n t e r  span. 
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(a )  F i r s t  frame. (b) Second frame. 
(c) Third frame. (d) After smoke plume removal. 
L- 78- 146 
Figure 17. - Wake closure development i n  40-msec frame time 
and e f f e c t  of smoke plume removal. 
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.-.-.-Region of low smoke density from flow visualization. 
Figure 18.- Contours of constant da t a  rate i n  samples per second. 
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Figure 19.- Histograms i n  scans 1, 2 ,  and 3. 
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Figure 19.- Continued. 
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Figure 20.- Continued. 
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Figure 21.- Histograms i n  scans 6,  7 ,  8, and 9. 
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Figure 21.- Continued. 
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Figure 21.- Continued. 
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Figure  21.- Concluded. 
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Figure 22.- Histograms in scans 10,  11, and 12. 
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Figure 23.- Histograms i n  s c a n s  13 and 14. 
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Figure 40.- S t a t i s t i c a l  moments for scan +15. 
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Figure 44.- S t a t i s t i ca l  moments f o r  scan 19. 
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Figure 45.- Calculation of power spectrum for  
UL component above a i r f o i l  a t  xc/c = 63.2 percent 
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Figure 46.- Calculation of power spectrum f o r  
VL component above a i r f o i l  a t  xc/c = 63.2 percent 
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Figure 47.- Calculation of power spectrum for UL component a t  
xc/c = 101.6 percent and yc/c = 0.38 percent. 
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Figure 50.- Contours of cons tan t  r e s u l t a n t  mean v e l o c i t y  (negat ive values  denote f l o w  upstream). 
-.-.--. Locus of relative maximum values 
Figure 51.- Contours of c o n s t a n t  v a l u e s  of skew i n  UL d i r e c t i o n .  
Figure 52.- Contours of c o n s t a n t  v a l u e s  of skew i n  VL d i r e c t i o n .  
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F igure 54.- Chordwise v e l o c i t y  p r o f i l e s  i n  f ree-s t ream coord ina tes .  
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(a) Laminar s imilar i ty  parameter. 
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(b) Turbulent similari ty parameter. 
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Figure 57.- S imi l a r i t y  of chordwise ve loc i ty  p r o f i l e s  i n  mixing layer .  
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Figure 58.- P r o f i l e s  of r e s u l t a n t  s tandard  devia t ion  in mixing l aye r .  
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Figure 60.- Details  of mean v e l o c i t y  behind t r a i l i n g  edge. 
. 
---- Tangent t o  lower surface a t  trailing edge 
Figure 61.- Deta i l s  of contours of constant  r e s u l t a n t  standard deviat ion behind t r a i l i n g  edge. 
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F igu re  6 3 . -  P r o f i l e s  of r e s u l t a n t  s t a n d a r d  d e v i a t i o n  i n  t r a i l i n g - e d g e  wake. 
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